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Abstract

Synthesis, Characterization and Applications of Europium Based Perovskite Oxide Nanoparticles

by
Nasim Farahmand
Advisor: Prof. Stephen O’Brien
The synthesis and characterization of nanocrystalline transition and rare-earth metal oxides have
been studied widely over the past years. These materials possess unique physical, chemical,
magnetic and dielectric properties which make them potential candidates for a wide range of
applications such as electronics, energy storage and photocatalysis. There are a number of
synthesis methods for preparing these materials, where most of them require stringent conditions
such as high pressure and high temperature. However, in this study, a modified sol-gel synthesis
has been used with a lower calcination temperature to make uniform nanocrystals of the
transition/rare-earth metal oxide family. The focus of this project is the synthesis and
characterization of europium doped into barium titanate crystal structure. Recently, EuTiO3 and
certain substituted such as Eu0.5Ba0.5TiO3 have come into attention due to their potential
magnetoelectric applications. In order to prepare europium titanate compounds, two different
crystal structures were synthesized based on different processing conditions: one in the form of
perovskite (ABO3) and the other as a pyrochlore structure (A2B2O7). After successful synthesis of
Eu-Ti-O systems, the project moved further to the preparation of Eu-Ba-Ti-O system to get
advantages of both magnetic properties of Eu ions, and Barium titanate (BaTiO3) as a prototypical
ferroelectric material. The perovskite Eu-Ba-Ti-O system having 50%-50% of europium and
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barium atoms, displays large dielectric polarization, alongside ferroelectricity and ferromagnetism
in low temperature. Most approaches to synthesize the EBTO systems lies in the solid-state
reaction methods. However, here we used a chemical solution approach (referred to gel-collection
method), which produces nanoscale particles of europium barium titanate at lower temperatures.
Moreover, other ratios of Eu/Ba atoms including 0.25/0.75 and 0.75/0.25 was investigated. In order
to figure out the properties of synthesized nanocrystals, a series of characterization including
structural, elemental, magnetic and dielectric properties were performed on the EBTO
nanoparticles, followed by two potential applications in nanocomposite fabrication and
photocatalytic activity. The characterization techniques include X-ray diffraction (XRD),
transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), energy
dispersive X-ray spectroscopy (EDS), LCR impedance analysis, ferroelectricity measurements and
magnetic property measurement system (MPMS) in the form of M-H hysteresis curve and M-T
curie-Weiss fitting.

The research presented in this thesis was supported by the National Science Foundation under
awards DMR-1461499 and HRD-1547830.
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Chapter 1. Introduction
1.1 Motivation and importance of the research
In recent years, rare-earth and transition metal oxides have been studied in several fields due to
their properties which make them potential candidates for various applications. These applications
include but are not limited to delivery nanoparticles for medicinal use, electronic device
fabrications and multiple-state memory storage technology1. Rare-earth transition metal oxides,
such as EuTiO3 (ETO) and certain substituted analogs, like Eu0.5Ba0.5TiO3 (EBTO) have come into
focus, due to potential multiferroic and magnetoelectric applications2,3 together with a fundamental
interest in the search for the electric-dipole moment of the electron.4–6 The multiferroic material
applications lie mostly in the field of next-generation electronic devices in advanced technology.
For instance, the high-volume amount of data is often stored as regions of opposite magnetic
polarization in ferromagnets (materials with spontaneous magnetic polarization that is switchable
by applying magnetic field) and the sensor industry relies heavily on ferroelectric materials
(materials with spontaneous electric polarization that is reversed by applying electric field). Many
ferroelectrics are also ferroelastic (which means a change in electric polarization is conducted by
a change in shape). The materials in which two or more ferroic properties are combined in the
same phase are called multiferroics.7 The multiferroic materials are interesting not only for having
the properties of both parent compounds, but also for the interactions between the electric and
magnetic polarization which leads to additional functionalities. One of these additional interactions
is called the magnetoelectric effect in which an electric field can induce magnetization, or a
magnetic field can induce electric polarization. This property will open a wide path in the field of
advanced device fabrication, however, designing a multiferroic that combines ferroelectricity and
ferromagnetism in the same phase is still very challenging.8
1

1.2 Multiferroicity
Multiferroic materials are materials that possess more than one ferroic property, including
ferroelectricity, ferromagnetism and ferroelasticity. Ferroelectricity refers to spontaneous electric
polarization in a material and is a phenomenon built from collective dipoles originating from
atomic displacements in the crystal structure. Ferromagnetism is the existence of stable and
switchable magnetization originating from electron spins and quantum mechanical exchange.9,10
Ferroelastic materials have a spontaneous strain that can be switched by applying stress. Fig. 1
shows the schematic of different ferroic properties. The electric field (E), magnetic field (H), and
stress (σ) control the electric polarization (P), magnetization (M) and strain (ε) respectively. In a
ferroic material, P, M, or ε are spontaneously formed to produce ferroelectricity, ferromagnetism,
or ferroelasticity respectively. In a multiferroic at least two of these ferroic forms are coexisting
and produce additional interactions or magnetoelectric coupling. In a magnetoelectric multiferroic,
a magnetic field may control electric polarization (P) or an electric field may control magnetization
(M), these two interactions are shown in green arrows in Fig. 1.8

Fig. 1. Schematic of and multiferroics. Electric field (E), magnetic field (H), and stress (σ) control the electric
polarization (P), magnetization (M) and strain (ε) respectively8

In particular, a room temperature multiferroic with pronounced and strongly coupled spontaneous
magnetization and polarization is not yet known.11 However, since the ferroelectric and
2

ferromagnetic properties are of great interest due to their potential to fabricate switchable devices,
the quest for new materials with a strong coupling of magnetic and electric properties, is rising.
1.2.1

Ferroelectricity

Ferroelectricity refers to a spontaneous electric polarization that is switchable by applying an
electric field and is built from collective dipoles originating from atomic displacements in the
crystal structure.12 This phenomenon makes ferroelectrics applicable for capacitor energy storage,
since it relies on accumulation and storage of charge, producing a voltage difference that is
proportional to the amount of energy stored. The dipoles within the crystal lattice align and produce
a macroscopic polarization which along with their hysteretic behavior, allows them to form a data
storage. Fig. 2 shows a schematic of the hysteresis loop for an ideal ferroelectric material.
Remanent polarization, saturation and coercivity are shown as Pr, Psat and Ec respectively.

Fig. 2. Schematic of hysteresis curve in a ferroelectric material

3

1.2.2

Ferromagnetism

While ferroelectricity is known for about a century, ferromagnets have been known for thousands
of years.13 In ferromagnetic materials there is spontaneous magnetic polarization that can be
switched by applying a magnetic field. Fig. 3 shows the hysteresis curve for an ideal ferromagnetic
material where saturation, remanent magnetization and coercivity are shown as Msat, Mr and Hc
respectively. The main source of ferromagnetism in the materials is the electron spins in the atoms.
Atoms with partially filled orbital shells can produce a net magnetic moment which allows the
electrons to align to an applied magnetic field. Magnetic behavior of materials can be described in
five ways: diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic and antiferromagnetic.
Diamagnetic materials have no net magnetic moment since all of their electron orbitals are filled,
thus no unpaired electrons. However, when an external magnetic field is applied, a weak repulsion
is observed which produces a negative magnetization resulting in a negative magnetic
susceptibility. Paramagnetic materials have a net magnetic moment due to having unpaired
electrons in partially filled orbitals. However, these unpaired electrons are not enough to produce
a net magnetic moment in the material. As a result, in the absence of a magnetic field, the net
magnetic moment is zero. Like diamagnetic materials, paramagnetic materials will produce a net
magnetization in the presence of a magnetic field, however, this magnetization is in the opposite
direction of diamagnetism (net positive magnetization). Ferromagnetic materials have unpaired
electrons like paramagnetic materials, but the interactions in ferromagnetism are much stronger.
This is due to the coupling interactions and electronic exchange forces that produce parallel or
anti-parallel alignment of atomic magnetic moments. A ferromagnetic material possesses magnetic
domains that are aligned in a parallel format in the presence of the magnetic field. They will keep

4

their magnetic moments aligned in one direction resulting in a large magnetic moment, even in the
absence of external magnetic field.

Fig. 3. Schematic of hysteresis curve in a ferromagnetic material

Ferrimagnetism and antiferromagnetism are usually found in transition metal oxides where there
are two or more magnetic states within the crystalline structure, aka magnetic sublattices. If the
two magnetic stets do not have equal net magnetic moments, the material is called ferrimagnetic.
On the contrary, if the magnetic moments are equal and opposite in direction, they result in a netzero magnetic moment and the material is called antiferromagnetic. The magnetic susceptibility
of an antiferromagnetic material can be characterized by Curie-Weiss law, which is a function of
temperature and a critical temperature in which the material switches from antiferromagnetic to
paramagnetic behavior.
X=

𝐶
𝑇 − 𝑇𝑐

Where C is the material-specific Curie-constant, T is the temperature and Tc is the Curie
temperature of the material.

5

1.2.3

Magnetoelectric effect

Multiferroics can generally be classified into two types: type I multiferroics are the materials in
which the ferroelectric ordering and ferromagnetic ordering occur independently and are not
coupled (Fig. 4, the left side). However, in type II multiferroics the ferroelectric and ferromagnetic
properties are coupled and this is called the magnetoelectric effect. As shown in the hysteresis
curve in the magnetoelectric materials (Fig. 4, right side), the electric polarization can be
controlled by magnetic field, and the magnetization can be controlled by electric field. In
magnetoelectric materials, magnetic spins and electric dipoles influence one another to an extent
that they can affect each other to switch states. This final goal is to achieve a multiferroic device
in which magnetization is controlled by an electric field, preferably at low voltages, at room
temperatures and with ultrafast switching.13 The magnetoelectric effect in a single-phase crystal is
traditionally described using Landau theory by the free energy F of the system in terms of an
applied magnetic field H (ith component denoted Hi), and an applied electric field E (ith
component denoted Ei):
−𝐹(𝐸, 𝐻) =

𝛽"#$
𝛾"#$
1
1
1
𝜀! 𝜀"# 𝐸" 𝐸# + 𝜇! 𝜇"# 𝐻" 𝐻# + 𝛼"# 𝐸" 𝐻# +
𝐸" 𝐻# 𝐻$ +
𝐻𝐸𝐸 +⋯
2
2
2
2
2 " # $

Where ε0, εij and μ0, μij are the free space and relative permittivities and permeabilities. The term,
αij, describes the linear magnetoelectric coupling. Magnetoelectric effects are established in terms
of polarization Pi(Hj) or magnetization Mi(Ej), by differentiating F with respect to E, H and then
setting Ei, Hi to zero. If the coupling occurs linearly, it can be shown14 that:
𝛼 % ≤ 𝜀! 𝜀"# 𝜇! 𝜇"#
This shows that a multiferroic material is more favorable as ferroelectric and ferromagnetic
compounds tend to possess a large permittivity and permeability respectively.
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Fig. 4. Schematic of ferroelectricity/ferromagnetism (left) and magnetoelectric coupling (right)

1.3 Multiferroics and perovskite oxides
Perovskite structure is the most studied crystal structure due to its vast functionality and
applications. The general formula for perovskite is ABO3 where A is usually an alkali metal or
alkali earth metal, and B is usually a transition metal in an oxygen octahedron, as a result, there
will be O3 in the formula. In an ideal perovskite, the crystal structure is formed by corner-shaped
BO6 octahedrons with A cation occupying the 12-fold coordination. Through manipulation and
substitution of A site and B site, many different perovskites can form, each with different
properties and applications such as catalysis, capacitors, non-linear optical applications,
spintronics and magnetostrictive applications.

Oxygen
A site

B site
Fig. 5. Schematic of A site, B site and octahedron in a perovskite structure (figure reproduced from
http://www.mrc.iisc.ac.in)
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The design and synthesis of intrinsic multiferroics are challenging because the prerequisite
conditions for ferroelectricity and ferromagnetism in a single-phase material are not easy to fulfill.
The ferroelectricity mainly favors empty orbitals (d0) to be able to produce dipoles, on the contrary,
ferromagnetism prefers partially filled orbitals (dn) to induce magnetic moments.
The origin of ferroelectricity in perovskites is based on a lattice distortion which accounts for a
permanent dipole in the asymmetric unit cell. For instance, in the prototypical BaTiO3 the out-ofcenter distortion of the octahedral Ti4+ cations on the B site within a cubic perovskite, cause an
obvious δ+/δ- linear dipole moment along with the Ti-O bond which can explain the shift to a
tetragonal structure. This can be described by molecular orbital theory, using the pseudo-JahnTeller effect (PJTE)15 which is shown in Fig. 6. Considering the energy level diagram for BO68and the octahedral field surrounding B, the highest occupied molecular orbital (HOMO) is t1u / t2u,
etc. (predominantly oxygen 2p) and the lowest unoccupied MO (LUMO) is t2g* (mostly metal 3d)
(see Fig. 6 left side). The HOMO symmetry representations are T1u, T2u, T2g, and T1g of the
octahedral symmetry group and the LUMO representation is T2g.16
In the cubic perovskite configuration, the HOMO-LUMO terms are orthogonal and do not interact
(bonding is σ only). However, the off-center displacements of atom B lower the cubic symmetry
and make additional orbital overlap nonzero (shaded part in Fig. 6 right side). This opportunity
for orbital overlap implies additional covalence in Ti−O bonding (π), providing a driving force for
out-of-center distortion, and explains the origin of the local dipolar instability that produces the
ferroelectric polarization of the crystal.15,16
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Fig. 6. (Left) Energy level diagram for the octahedral TiO68- in aBaTiO3. The HOMO t1u and t2u (of oxygen)
orbitals are coupled to the LUMO t2g (of titanium) orbitals. (Right) Overlap (shaded) of 3d orbital of titanium
with π orbitals of the surrounding oxygen atoms.15,16

The motivation behind this dissertation is the investigation for finding multiferroic compounds.
Some interesting materials with potential ferroic properties have been synthesized and explored in
the following projects. There are two main approaches to synthesize a multiferroic material: (1)
synthesis of a single-phase material by starting to make a ferroelectric phase and then doping or
substituting ferromagnetic ions into the crystal lattice (or vice versa). (2) Making a composite
material with layers composing of ferroelectric and ferromagnetic domains. The multiferroic
domains will create at the intersection of the ferroelectric and ferromagnetic domains. In this thesis,
we are mainly focusing on the first approach which is based on doping ferromagnetic ions into a
ferroelectric lattice structure. We first synthesized Europium Titanate to investigate the properties
and characterization, then we moved forward to dope magnetic europium ions into the lattice
structure of a prototypical ferroelectric compound (barium titanate) and made a Eu-Ba-Ti-O
system with different stoichiometry and characterized the EBTO system with a series of
characterization methods, including structural, physical, chemical and optical properties.
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1.4 Europium titanate (ETO) and europium barium titanate (EBTO) systems
Europium titanate,

3,17,18

is a G-type antiferromagnetic below TN (5.2K)3 and adopts the cubic

perovskite structure at room temperature, undergoing a structural phase transition to tetragonal at
282K. A large magnetoelectric coupling has been reported alongside a dielectric constant that
increases with decreasing temperature but drops dramatically at TN.19,20 Also, europium barium
titanate (Eu-Ba-Ti-O system) presents a potential for large dielectric polarization and
ferroelectricity, combined with spin configurations that give rise to ferromagnetic order and
emergent phenomena.21A promising means of EDM detection is based upon electric fieldcorrelated magnetization measurements in solids, in which the orientation of the magnetization is
reversed when the electric field direction is switched and could be detected by a SQUID
magnetometer.20 The experiment aims to detect the intrinsic magnetoelectric response associated
with the minute EDM of the electron, causing the design constraints to be stringent. Eu0.5Ba0.5TiO3
is contemplated for EDM research, since the desired material should be ferroelectric, possess a
large dielectric polarization, and have a high concentration of heavy ions with local magnetic
moments (proportional to Z3). The Eu2+ ion has seven unpaired localized 4f electrons, resulting in
a large spin magnetization of 7µB, and a large mean displacement of the Eu2+ ion with respect to
oxygen (0.01 Å) that contributes to a ∼1 µCcm−2 remanent polarization to create a large electric
field response.20,22 Such stringent criteria critically limit the range of available materials, hence the
focus on this rather unique and interesting compound.4 Europium barium titanate, EBTO, presents
a compelling case for study in the context of multiferroic complex oxides,23 since its bulk behavior
is both ferromagnetic/ferroelectric.
Many experimental methods have been developed in order to make Europium barium titanate
material most of which are among solid-state reactions24,25, conventional ceramic processing
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techniques26, hydrothermal process27, vapor diffusion sol-gel28, thin film (pulsed laser
deposition)29. These reactions generally use mechanochemical activation and/or need stringent
conditions such as high pressure24 and extremely high calcination temperature24. In order to ease
the conditions for the high temperature ceramic processing, many studies have been developed to
make an alternative approach for developing these materials. While some bulk synthesis methods
of Eu0.5Ba0.5TiO3 have been researched, preparing nanoscale synthetic analogs remain largely
unexplored. The nanoscale offers the potential to control properties when compared to the
corresponding bulk material, due to the strong interplay between elastic, geometric and electronic
parameters.
The gel-collection synthesis procedure which produces nanoscale products is based on chemical
solution processing and uses molecular precursors and seems promising to have more control over
material properties by doping elements, or alternating synthesis conditions. The focus of this
dissertation is the synthesis and characterization of nanoscale europium doped transition metal
oxides for use in energy storage and electronic device fabrication. Here, we propose a method
called gel-collection, which is a simple, high yield and green chemical solution process in which
solutions of molecular precursors are prepared in the lab and form the molecular template for the
nanoscale crystallized material. This molecular-based reactivity, in general, offers the strategies
for combining elements, doping elements with various properties, with the benefit of controlling
nucleation and growth of nanoscale morphology, as well as providing a low thermal budget
benchtop approach for synthesis. Unlike the common powder processing methods in solid-state
reaction, the gel-collection approach is an inorganic precursor driven technique and is based on
the sol-gel transformation of metal alkoxide (or other precursors) in alcohol solvents with
controlled amounts of water under inert atmosphere (Ar or N2) and in the absence of surfactants
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or stabilizers.30 A series of experiments are designed to investigate the optimum temperature to
make a fully crystallized perovskite accompanied by monitoring the effect of the heat treatment
environment (either in the air or in Ar/H2).
The EuxBa1−xTiO3 system which is the main subject of this thesis is a perovskite crystal. Perovskite
structure (ABO3) is the most adjustable structure model to induce remarkable properties like
ferroelectricity, ferromagnetism and superconductivity.31 A and B are two cations of different
chemical valences and sizes, and oxygen anions bond to both of them. The origin of ferroelectricity
in perovskite has long been established by soft mode theory, where the lowest-frequency polarphonon mode becomes softer during cooling and reaches zero at TC (the critical temperature where
the material transforms from ideal cubic to lower symmetrical ferroelectric structure). This
structural deformation is commonly known as second-order Jahn-Teller effect.31,32
Different elements can be doped into the perovskite structure. Doping is a widely applied process
in material science that involves the incorporation of atoms or ions of various elements into the
host lattice in order to give hybrid materials with desirable characteristics and functionalities.33
For ferroelectric materials, doping is usually applied to enhance and modify electronic properties,
such as dielectric, ferroelectric and piezoelectric properties.33 Rare-earth doping strategy has been
investigated for some novel magnetic and photoluminescence properties while maintaining the
ferroelectric properties as well, which advances to a wide spectrum of applications in
multifunctional materials such as optical-electro-mechano actuators and sensor applications.33,34,35
Besides being a novel multiferroic material, EBTO system (Eu0.5Ba0.5TiO3) has the advantage of
the presence of seven unpaired 4f electrons of Eu2+ cations which result in a large magnetization.25,
It is known from the literature that both EuTiO3 and BaTiO3 are typical perovskites with d0 Ti4+
cations in the B site.25,36 BaTiO3 is a prototypical ferroelectric with a large room-temperature
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electric polarization of 25 µC/cm2

37

, while EuTiO3 is a quantum paraelectric with G-type

antiferromagnetic phase below 5.3 K.19,38 Eu0.5Ba0.5TiO3 has a perovskite crystal structure and is
ferroelectric below approximately 200 K24,25,39 and antiferromagnetic below 1.9 K.24 By making
europium barium titanate compounds, we aim to get advantages of both properties in each material.
In Chapter 2, the synthesis and characterization of two different series of europium titanate
compounds have been discussed. The main difference between the two samples is the different
heating treatments; one is being crystalized while heating in a regular oven in the presence of
oxygen, the other is thermally treated in the Ar/H2 furnace (non-oxidizing atmosphere). This
different atmosphere produces two different crystal structures, pyrochlore and perovskite,
respectively. The properties and characteristics of the two series have been explained in detail.
In Chapter 3, europium doped barium titanate nanoparticles have been prepared using the same
gel-collection method. The EuxBa1−xTiO3 system which has been discussed largely in this thesis
presents a potential for large dielectric polarization and ferroelectricity, which alongside the
ferromagnet ordering of its spin configuration, is a very promising material for the electron dipole
moment (EDM) search. Europium Barium Titanate (Eu0.5Ba0.5TiO3, x=0.5) has the potential to
comprise both ferroelectric (BaTiO3 is a typical ferroelectric material) and magnetic properties
(the existence of localized 4f moments with S=7/2 on the Eu2+ site). We have prepared and
characterized Ba0.5Eu0.5TiO3 nanocrystalline samples via a sol-H2O-activated gel synthetic route.
The EBTO samples were characterized by powder XRD, (HR)TEM, XPS, MPMS and managed
to show interesting characteristics. The series of synthesized perovskite Europium Barium Titanate
(EBTO) nanomaterials (< 50 nm) were prepared and found to be stable in air for up to several
months. Depending on the processing conditions of the initial gel, compounds with near-identical
crystal structures were obtained and exhibited different physical properties, in particular
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conductivity and permittivity, as a function of electronic structure and the unique behavior of
europium. LCR measurements of EBTO pellets showed stable effective permittivities (~25) and
low dissipation (< 0.01) over 100 Hz-2 MHz frequency range, while SQUID magnetometry
confirms increasing magnetic susceptibility with increasing europium content. The Eu-Ba-Ti-O
system presents a potential for large dielectric polarization and ferroelectricity, combined with
spin configurations that give rise to ferromagnetic order, touching on magnetoelectrics
phenomena.
Chapter 4 describes two more variations of EuxBa1−xTiO3 system, with different stoichiometric
ratios of Eu/Ba. Two compounds of Eu0.25Ba0.75TiO3 and Eu0.75Ba0.25TiO3 (x=0.25 and x=0.75
respectively) are prepared with the gel-collection method and their properties have been compared.
Finally, Chapter 5 explains two different applications of the synthesized materials in the field of
nanocomposite fabrication and photocatalytic behavior.
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Chapter 2. Synthesis and Characterization of Perovskite and Pyrochlore
Europium Titanate
2.1 Introduction
In recent years, EuTiO3 (ETO) and certain substituted analogs, such as Ba0.5Eu0.5TiO3 have come
into focus, due to magnetoelectric applications2,22,40,41 together with a fundamental interest in the
search for the electric-dipole moment of the electron.4,5,42 These applications include AC/DC
magnetic field sensors, microwave resonators, random access memories(RAM), photovoltaic solar
cells, thermal energy harvesting and data storage.43 The ETO/EBTO system also presents a
potential for large dielectric polarization and ferroelectricity, combined with spin configurations
that give rise to ferromagnetic order, touching on magnetoelectrics44 and emergent phenomena.21,45
Perovskite oxides are the pioneers in the field of multiferroics. They have interesting properties in
which they combine multiple ground states including ferro- and antiferromagnetism,
ferroelectricity and superconductivity.
Among these compounds Europium Titanate (EuTiO3) is one of the most interesting materials
which is a G-type antiferromagnetic below TN (5.7K),22 adopts the cubic perovskite structure at
room temperature and undergoes a structural phase transition to tetragonal at 282K. A large
magnetoelectric coupling has been reported: alongside a dielectric constant that increases with
decreasing temperature but drops dramatically at TN.19 Below the Néel temperature (TN=5.7K) the
Eu 4f7 spins order into a G-type antiferromagnetic46 and a “quantum paraelectric”, a material in
which ferroelectric ordering is prevented by quantal fluctuations.47 While controlling magnetism
by electric field and ferroelectricity by the magnetic field can be an ultimate goal, there is a major
challenge to combine both properties. This issue relates to the fact that in ABO3 perovskite
structure, ferroelectricity prefers a d0 configuration at B-site, while magnetism requires a dn (n>0)
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state in the same place.3 A solution to this d0-dn dilemma is placing a magnetic ion at the A-site
which opens a door toward multiferroics research.48 A distinct feature of EuTiO3 from other
tetravalent perovskite titanates is the existence of localized 4f moments with S=7/2 on the Eu2+
site. Because of the coexistence of soft phonon and localized spins, it is possible that soft phonon
is coupled with localized spins and can be controlled by a magnetic field.49 Hence, coupling
between dielectric properties and magnetism is expected. ETO not only has an unusually large
dielectric constant, but also that increases with decreasing temperature (which indicates
ferroelectric behavior) and indicates a drop at TN which can be reverted by applying an external
magnetic field

(evidence of magnetoelectric coupling).46 A strong spin-lattice coupling is

observed in EuTiO3 which includes a large enhancement of the dielectric constant by magnetic
field suppresses the polar order in ETO.49 But fortunately, under large biaxial compressive strain,
it is predicted that ETO exhibits strong ferromagnetism and strong ferroelectricity simultaneously
showing the power of strain engineering. Also, the BO6 deformation plays an important role on
multiferroicity. In G-type antiferromagnetic perovskite, ferromagnetism originates from BO6
rotation. In general, octahedral tilt is one of structural instabilities for both polar and magnetic
perovskites and both ferroelectric and magnetic properties can be adjusted by the deformation of
BO6. The tilt of BO6 influences the symmetry of crystal lattice which decides the possibility of
ferroelectricity. An additional way to induce ferroelectricity in ETO is doping ions with
ferroelectric properties.50 In addition to perovskite structure, lanthanide titanium oxides that
crystallize in a pyrochlore structure with general formula RE2Ti2O7 (RE: rare earth element) have
been extensively investigated in recent years for their interesting physical and chemical properties.
Their physical properties depend mainly on the rare earth element incorporated inside their crystal
lattice which will exhibit exciting magnetic properties. For example, compounds of Eu exhibit
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highly constant magnetic susceptibility.51 Although pyrochlore structures have poor luminescence,
they show interesting optical properties. They have also demonstrated their abilities as catalysts
and as novel materials for hydrogen storage cells.52
Barium-supported ETO, EBTO, presents opportunities for tuning multiferroic behavior. Research
into dilute/doping concentrations of Eu3+/Eu2+ incorporated BaTiO3 has been reported53,54 due to
the fluorescence properties, but structures in which Eu is a dominant element with direct influence
over phase stability are less well understood. Recently, research has shown that controlling oxygen
deficiency through Ti3+/3d1 creation in (Eu,Ba)TiO3 can control multiferroic behavior.29 But, it
has become apparent that several assumptions regarding the stoichiometry, oxidation state, and
phase of Eu-based perovskite compounds require further investigation. One issue that may
undermine certain assumptions is the unpredictable redox behavior of Eu3+/Eu2+ (E° =-0.35V).
Luminescence data55 highlights how the electronic configuration of Eu3+ is 4f6 is chemically very
stable, for which f–f electron transitions are shielded by the completely filled external 5s and 5p
orbitals, whereas the Eu2+ the electron configuration of 4f7 (also the origin of G-type AFM) is less
localized nature, exhibiting stronger coupling to lattice vibrations.
In terms of synthesis, our preliminary results show that EuTiO3 and (Eu,Ba,Ti)O3 can be prepared
by gel-collection, and that crystallization of various phases with different compositions is possible.
Ti(iOPr)4 driven perovskite formation, combined with Ba2+ stabilization of the lattice suggests the
ability to stabilize Eu in the cubic structure. Normally, controlling Eu oxidation state can only be
done as part of high-temperature solid-state processing (>1000°C) and reducing atmospheres
(Ar/H2) to prevent oxidative reversion to the less interesting pyrochlore Eu2Ti2O7. Gel-collection
can be used to phase/oxidation state through Eu(II) precursor synthesis (e.g. Eu(OCH2CH3)2) and
may result in metastable phases. The oxidation state is more complicated than one would suppose:
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XPS studies show the persistence of Eu3+ regardless of the processing atmosphere (Air/O2 vs
Ar/H2). The interconversion between Eu(II) and Eu(III) can influence the structure and very
strongly influences properties, including multiferroic behavior. Therefore, understanding how to
chemically stabilize Eu(II) and/or Eu(III) within the perovskite structure is of great interest. Eu
could conceivably sit at the A or B site, and PDF analysis would help resolve this at the nanoscale.
The unexplored research opportunity we wish to pursue is to develop new synthesis methods for
creating nanoscale ETO/EBTO compounds, to compare bulk and nanoscale behavior, and to assess
their properties. Fig.

7 shows a phase diagram to fully understand this system, synthesis

parameters, oxidation states and metastability.
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Fig. 7. Prediction of the possible phase diagram for Eu-Ti-O and Eu-Ba-Ti-O system
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2.2 Experimental
2.2.1

Synthesis

The nanocrystalline samples of Europium Titanate (perovskite EuTiO3 and pyrochlore Eu2Ti2O7)
were synthesized using a sol-gel synthesis known as gel-collection method.30 Europium metal
pieces 99.9% kept in organic oil were purchased from Alfa Aesar, Titanium isopropoxide
(Ti(OCH(CH3)2)4 99.99% was purchased from Sigma-Aldrich, 200 proof ethanol was purchased
from Decon Laboratories Inc. All chemicals were used as purchased without further purification,
except for Europium metal pieces that were kept in organic oil and washed with cyclohexane upon
being used in the synthesis. The synthesis was performed under an inert nitrogen atmosphere in a
glovebox. The europium precursors prepared by dissolving 1.904 g (0.0125 mol) of europium
metal pieces placed in a beaker with 60 ml of 200 proof ethanol, were magnetically stirred for 2
days in the glovebox. Stoichiometric amount of Titanium isopropoxide (1:1 ratio, 0.0125 mol or
3.79 ml) was added to the solution. The solution turned black immediately and stirred for 30
minutes. A solution of deionized 3 mL H2O (around 4% of total volume) and 7 mL 200 proof
ethanol was prepared and then added dropwise to the magnetically stirred solution. The black
solution became more viscous and was then transferred to a sealed container and left in the
glovebox overnight to complete forming the gel-like network. The next day, the sample was even
more viscous, and the black gel had been formed perfectly (Fig. 8). The black gel was then divided
into two parts to undergo different thermal treatment: the first half for heat treatment in the
presence of oxygen in the air, and the second half for heat treatment in the absence of oxygen (in
a tube furnace with 95% Argon and 5% Hydrogen flow). The heat treatment of the first half was
done in different temperatures (450°C, 650°C, 750°C, 850°C and 1000°C), while the second half
was treated in a tube furnace to 1000°C.
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Fig. 8. Gel heated in Ar/H2 and in oxygen forms black and white ETO (perovskite and pyrochlore)
respectively

2.2.2

Characterization

The nanocrystalline powders were characterized using X-Ray Diffraction (XRD), Transmission
Electron Microscopy (TEM), Energy-Dispersive X-Ray Spectroscopy (EDS) and Impedance
Analysis (Inductance-Capacitance-Resistance meter) by using LCR meter. The XRD
measurements of the dried Europium Titanate (ETO) powders were performed on a PANalytical
X’ Pert Pro using Cu Kα radiation. Samples for the TEM were prepared by dispersing the
nanocrystalline powders in 200 proof ethanol and drop-casting 5 μL of the resulting solution on a
carbon-coated copper TEM grid. TEM and EDS measurements were recorded on a JEOL 2100
microscope. Measurements of the dielectric constant and the dielectric loss tangent of ETO
samples were performed on the pressed pellet capacitors prepared using a Cyky 12T Laboratory
manual powder metallurgy press machine. The pellets were prepared capacitors that used MG
chemicals silver conductive epoxy as contacts. The pellets were further heated to 60°C overnight
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to reduce the void space and oxygen vacancies of the samples. LCR measurements were performed
to obtain the frequency-dependent permittivity. Capacitance and loss tangent were measured over
100 Hz to 2 MHz using an Agilent E4980A Precision LCR Meter.

2.3 Results and Discussion
2.3.1

X-Ray Diffraction

Gel collection was applied to the synthesis of Europium Titanate powders in which both perovskite
and pyrochlore crystal structures were produced depending on the heat treatment method. The
ETO samples were heat-treated in the air to a series of different temperatures from 450 °C, 650
°C, 700 °C, 750 °C, 850 °C and 1000 °C and the spectrums are shown in Fig. 9. The XRD spectrum
indicates an amorphous phase in lower temperatures (450 °C, 650 °C and 700 °C), however, upon
heating in 750 °C, the pattern shows a clear crystalline phase which is related to pyrochlore
structure (Eu2Ti2O7)56. The crystallinity maintains when heated to higher temperatures at 850 °C
and 1000 °C, however, the phase purity is decreasing upon increasing the temperature. Therefore,
the 750 °C sample was chosen as a pyrochlore candidate for the ETO series thermally treated in
air.
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Fig. 9. XRD of Europium Titanate (Eu-Ti-O) samples thermally treated in the air at different temperatures

For the ETO sample thermally treated in the absence of air, the story is different. Not much
evidence of crystallinity was observed until the samples were heated to 1000 °C. The XRD for the
1000 °C ETO sample heat-treated in Ar/H2 managed to show a primary phase resembling a
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primitive cubic perovskite, shown in Fig. 10. The lattice parameter for this perovskite structure
was calculated to be around 3.9 Å.

Fig. 10. XRD of perovskite EuTiO3 heated to 1000 °C in Ar/H2

The main difference between the two crystal structures of perovskite (ABO3) and pyrochlore
(A2B2O7) is the arrangements of their polyhedrons (Fig. 11. shown in blue). In the perovskite
structure, the corner shared octahedrons of TiO6 are arranged in a simple fashion and occur in
linear strings, and are parallel to the cube axis. However, the pyrochlore structure possesses a
shared TiO6 octahedron arrangement in a zig-zag format.
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Fig. 11. Crystal structure and polyhedron arrangement of perovskite EuTiO3 (top) and pyrochlore Eu2Ti2O7
(bottom) (Images made by Crystal Maker software)

2.3.2

Transmission Electron Microscopy (TEM)

Electron Microscopy, specifically Transmission Electron Microscopy (TEM) determines the
average size and morphology of the material which is being analyzed. TEM enables us to achieve
resolution beyond the optical or light microscope limit due to the powerful source of accelerated
electron beams having a wavelength of about 100000 times shorter than visible light. The basis of
TEM instrument is similar to a light microscope; however, the illumination source is an accelerated
electron beam instead of visible light. The electron beam is transmitted through the sample and
passes through an objective lens aperture and passes an intermediate lens and finally transmits
through the sample. The sample thickness has an important effect on the TEM image and usually,
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the sample should be suspended in a solution (such as water, ethanol, or other organic solvents)
and should be diluted. A small drop (around 5 μL) is placed on a TEM grid. The grid is typically
a mesh of Copper with a formvar film within nanometer-scale thickness. After drop-casting the
solution on the grid, the grid is placed in a vacuum oven to evaporate the solvent. The electron
light passes through a projector lens and lastly on a fluorescent screen. The final image is a contrast
image with a high resolution as 1 nm scale. It is worth mentioning that TEM is mostly used for
crystalline nanoparticles to evaluate the size and morphology and the lattice planes and even
individual atoms in some specific high-resolution cases. Since the scope of the research is the
synthesis and characterization of crystal structures, the focus of this chapter is the two most
crystalline samples of the lowest temperature in each heat treatment method which are perovskite
structured EuTiO3 (ETO sample heated to 1000 °C in Ar/H2) and pyrochlore structured Eu2Ti2O7
(ETO sample heated to 750 °C in the air). Therefore, further characterization and analysis are
mainly about these two ETO crystalline samples.
Size and morphology as well as elemental composition of the nanocrystalline samples were studied
using a JEOL 2100 TEM equipped with an EDS probe and are shown in Fig. 12. Both samples
are polycrystalline as shown by the selected area diffraction (SAD) shown on the top right of the
images. The ETO pyrochlore nanoparticles are larger (~100-150 nm) compared to the ETO
perovskite (~70-100 nm) nanoparticles. Although the aggregation of particles is visible in both
samples, they can be suspended in 200 proof ethanol for up to several days with enough sonication.
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Fig. 12. TEM and SAD images of perovskite EuTiO3 (top) and pyrochlore Eu2Ti2O7 (bottom)

Since TEM has such a high-powered electron beam source, it is plausible to do Energy Dispersive
Spectroscopy (EDS). EDS is performed based upon the unique atomic structure of each element
and will emit the X-Ray of different energy. The high-energy electron beam is focused on the
sample and the sample excites electrons in the ground state and produces an electron hole. Another
electron from the outer shell fills the electron hole and releases a characteristic X-Ray. EDS is
capable to provide elemental analysis and a color mapping of the sample to indicate demonstrate
the composition gradient of the sample. EDS can also quantify approximately the relative amount
of each element in the sample to an accurate degree. The color mapping spectrum and the
approximate values of the point and ID analysis are provided for perovskite EuTiO3 in Fig. 13
and Table 1, and for pyrochlore Eu2Ti2O7 in Fig. 14 and Table 2 respectively.
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Fig. 13. EDS elemental mapping analysis of perovskite EuTiO3
Table 1. Point & ID elemental analysis atomic % of Perovskite EuTiO3 by TEM equipped with an EDS system

Element
Eu
Ti
O

Spectrum 1 Spectrum 2 Spectrum 3
atomic%
atomic%
atomic%
22.16
24.24
22.35
22.62
22.78
21.56
55.22
52.98
56.09

Fig. 14. EDS elemental mapping analysis of pyrochlore Eu2Ti2O7
Table 2. Point & ID elemental analysis atomic % of pyrochlore Eu2Ti2O7 by TEM equipped with an EDS
system

Element
Eu
Ti
O

Spectrum 1 Spectrum 2 Spectrum 3
atomic%
atomic%
atomic%
15.40
16.07
14.92
17.36
18.85
16.84
67.24
65.08
68.24

As it is shown in Fig. 13 and Fig. 14, the presence of all the elements (Eu, Ti and O) is confirmed
by the mapping analysis in both perovskite and pyrochlore Europium Titanate. Also, the quantified
analysis (Table 1 and Table 2) shows relatively accurate results for the elemental ratios in both
EuTiO3 (~1:1:3) and Eu2Ti2O7 (~2:2:7).
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2.3.3

LCR Dielectric Measurements

Impedance analysis was performed on the ETO samples (Air and Argon) using an LCR meter
(Inductance-Capacitance-Resistance meter) with the main goal of measuring frequency-dependent
permittivity. Pressed pellet capacitors of each compound were prepared using a Cyky 12T
Laboratory manual powder metallurgy press machine to provide pressed and thin round disks. The
pellets were prepared as simple parallel plate capacitors using silver conductive epoxy (MG
chemicals) as contacts and were kept in the furnace at 60°C overnight. LCR measurements were
performed on the samples to obtain the frequency-dependent effective permittivity, eeff, and
dissipation loss (tan δ). Measurements were performed over the frequency range of 100 Hz to 2
MHz using an Agilent E4980A Precision LCR Meter. The frequency-dependent behavior of the
effective permittivity, eeff, and dissipation loss (tan δ) are shown for both samples in Fig. 15. For
the pyrochlore sample heated in the air (Eu2Ti2O7), the effective dielectric constant at low
frequencies is ~25 and decreases almost steadily to ~20 (2 MHz) and the dissipation loss is in the
range of 0.12 and decreasing to ~0.01. In clear contrast, the perovskite ETO heated in Ar/H2
(EuTiO3) does not show a very stable eeff, it starts from a huge value of ~2250 and decreases to
~400 over the entire frequency range (100 Hz-2 MHz). The dissipation factor is also very high;
starting from ~45 drops drastically to ~2 and lower in the higher frequencies. The ETO-Air
compared to ETO-Argon is concluded to perform much better as a stable dielectric. The value of
tan δ (0.1 to 0.01) in ETO-Air is quite typical of film or pellet processed nanoscale complex oxides
in which low-frequency loss can partly be attributed to contributing space extrinsic charge effects
at the surface of the nanoparticles and the void spaces between the particles.57,58
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Fig. 15. Effective permittivity (purple) and dissipation loss (green) for pyrochlore Eu2Ti2O7 (top) and
perovskite EuTiO3 (bottom)

2.4 Conclusion
Europium titanate compounds were synthesized using the gel collection method. In order to
complete the crystallization process, the gel was thermally treated in two different environments
(absence and presence of oxygen; in Ar/H2 and air respectively). Both samples managed to show
the crystalline structure and in the range of nanoscale size. The sample heated in Ar/H2 has a
perovskite structure (EuTiO3), while the air sample was pyrochlore (Eu2Ti2O7). It is concluded
that the europium is in two different oxidation states; Eu2+ in the perovskite and Eu3+ in the
pyrochlore which is in good agreement with their processing condition (non-oxidizing vs.
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oxidizing environment). The dielectric measurements of the two samples are also different which
can be attributed to their different chemical states as well. This will be discussed more in detail in
the following chapter.
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Chapter 3. Magnetic and Dielectric Property Control in the Multivalent
Nanoscale Perovskite Eu0.5Ba0.5TiO359
3.1 Introduction
Rare-earth transition metal oxides, such as EuTiO3 (ETO) and certain substituted analogs, like
Eu0.5Ba0.5TiO3 (EBTO), have come into focus, due to potential magnetoelectric applications.2,3
The Eu-Ba-Ti-O system presents a potential for large dielectric polarization and ferroelectricity,
combined with spin configurations that give rise to ferromagnetic order and emergent phenomena
together with a fundamental interest in the search for the electric-dipole moment of the electron.4–
6

The search for the permanent electric dipole moment (EDM) is motivated by the Standard Model,

in which a known issue, that of charge-conjugation/parity (CP) violation, is theoretically supposed
to exist in order to support matter-antimatter asymmetry, but proves hard to detect. The matterantimatter asymmetry problem also called the Baryon asymmetry, is fundamental to physical
cosmology as it attempts to address the observed imbalance in the baryonic matter (the type of
matter experienced in daily life) and antimatter in the observable universe, for which neither the
standard model of particle physics nor the theory of general relativity can provide an explanation.60
A promising means of EDM detection is based upon electric- field-correlated magnetization
measurements in solids, in which the orientation of the magnetization is reversed when the electric
field direction is switched and could be detected by a SQUID magnetometer.20
Magnetoelectric (ME) coupling is the enactment of a magnetic field (M) on an electric field (E) or
vice versa and may exist in either a single-phase material or in composites. Furthermore, ME
coupling can occur across different order parameters, for example between paramagnetic and
ferroelectric.61 ME coupling is described in (Landau) terms of polarization Pi(Hj) or magnetization
Mi(Ej), for with a linear magnetic coupling coefficient, 𝛼"# % ≤ 𝜀! 𝜀"# 𝜇! 𝜇"# , where ε0, εij and μ0, μij
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are the free space and relative permittivities and permeabilities respectively. Determining material
values of ε and μ are very important. Coupling in composites is often via an indirect
magnetostrictive effect, in which change of shape or dimension from magnetization can induce a
change in polarization. Nanoparticle-polymer 0-3 composites can deliver magnetostriction, hence
nanoparticles are very interesting in this context.62 True ME coupling within a single phase is rare,
much debated and highly sought,5,63–65 Europium barium titanate, EBTO, presents a compelling
case for study in the context of multiferroic complex oxides,23 since its bulk behavior is both
ferromagnetic/ferroelectric, and has notable values of μij and εij with the prospect for a high 𝛼"# % .
−𝐹(𝐸, 𝐻) =
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1
1
1
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Janes et al. originally reported magnetization values of 59 emu g-1 (1.8 K, 5 kOe), a Curie
temperature of 165 K, and a saturation polarization of 9.5 μC/cm2 ( 15.7 kV/cm, 35 Hz).66 More
recently, sintered ceramics of (Ba,Eu)TiO3, with 60% density, intended for EDM research were
reported by Sushkov et al. with high permittivity, a saturation polarization of 8.0 μC/cm2
(remanent polarization Pr = 1 μC/cm2), and no magnetic hysteresis and magnetic susceptibility c
values in the range 0.01-0.06 emu g-1 Oe-1 (< 4K).4,20
While some bulk synthesis methods of Eu0.5Ba0.5TiO3 have been researched, preparing nanoscale
synthetic analogs remain largely unexplored. The nanoscale offers the potential to control
properties when compared to the corresponding bulk material, due to the strong interplay between
elastic, geometric and electronic parameters. While suppression of ferroic order parameters is
observed in perovskites at the nanoscale, there is strong evidence to support the retention of offcenter Ti distortions down to 5 nm, which can be the source of switchable dipoles, and ultimately
ferroelectricity.16,67–69 concurrently, the field of nanomagnetism has flourished, due in part to the
increasing sensitivity of the techniques developed for magnetic property-structure relationships.70
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Our interest in Eu0.5Ba0.5TiO3 extended to: (i) obtaining a multiferroic with metastable phases
unique to the nanoscale; (ii) measuring and controlling size-dependent properties; and (iii) utilizing
nanoscale Eu0.5Ba0.5TiO3 as building blocks for hierarchically assembled structures or ferroic
nanocomposites.71 The opportunity to isolate metastable phases through nanoscale processing is
quite profound.72 It is particularly important to recognize the relationship between product
stabilization and thermodynamic pathway, as determined by the starting reactants,73 observing that
the molecular precursor based reactions can lead to the scaffolding of initial phases or structural
motifs, which can have an exacting influence over the final product structure, provided
crystallization temperatures are kept below thermodynamic limits for the bulk phase diagram. The
synthetic pathway chosen here was partly motivated by previous observations (Chapter 2), that
when perovskite EuTiO3 is heated in air, it is metastable, forming an amorphous perovskite-related
intermediate present around 500°C. At 750°C, a layered perovskite polymorph of Eu2Ti2O7 begins
to crystallize (discussed in Chapter 2) but this too is metastable until conversion to the pyrochlore
Eu2Ti2O7 polymorph from 900 °C onwards.74 The addition of barium to the lattice via precursor
synthesis was predicted to stabilize the cubic perovskite structure, providing alternate vectors for
the metastable phases.
The interconversion between Eu(II) and Eu(III) can influence structure and properties, including
multiferroic behavior. Therefore, understanding how to chemically stabilize Eu(II) and/or Eu(III)
within the perovskite structure is of interest. Researches into dilute/doping concentrations of
Eu3+/Eu2+ incorporated BaTiO3 have been reported,53,54 but structures in which Eu is a dominant
element with direct influence over phase stability are less well understood. Recently, research has
shown that controlling oxygen deficiency through Ti3+/3d1 creation in (Eu,Ba)TiO3 can influence
multiferroic behavior.75 But, it has also become apparent that several assumptions regarding the
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stoichiometry, oxidation state, and phase of Eu-based perovskite compounds require further
investigation, especially when regarding the relative concentrations of Eu2+ and Eu3+. The standard
partial molar Gibbs free energy of formation are quite close at room temperature: DGf°(Eu2+) =
540.2 kJmol-1; DGf°(Eu3+) = 574.0 kJmol-1, the redox potential Eu3+/Eu2+, E° = -0.35V. At elevated
temperatures and pressures (including hydrothermal conditions), the divalent state becomes more
stable, helping to explain the presence of Eu2+ in barite.76 Luminescence data highlights how the
electronic configuration for Eu3+, 4f6, is chemically very stable,77 although Eu2+, while thought to
be metastable,78 is often present. In Eu3+, f–f electron transitions are shielded by the completely
filled external 5s/5p orbitals. The Eu2+ electron configuration (4f7) is less localized and exhibits
stronger phonon coupling. This leads to an f-d transition subject to the influence of temperaturedependent vibrations of the host lattice, coordination and symmetry.77 It is additionally noted,
therefore, Eu2+ in the A site of (Eu,Ba)TiO3, while presumed geometrically suitable, may be
chemically labile.79 The band-width and relative intensity of the photoluminescence (PL) spectra
depend on the crystal symmetry of the host.80
To prepare nanoscale Eu0.5Ba0.5TiO3, we relied on a modified sol-gel approach which has proven
successful for room temperature synthesis of oxide perovskite nanocrystals.81,82 Our previous
observations of Ti(iOPr)4 driven perovskite formation, combined with Ba2+ stabilization of the
lattice suggested the ability to stabilize Eu in the cubic structure in the absence of Ar/H2, which
we pursued. This chemical solution processing method (gel-collection), developed for the
preparation of inorganic oxide nanomaterials and films, has been reported in detail
previously.58,83,84
The combination of BaTiO3 and EuTiO3 presents an interesting set of structure-property outcomes:
both EuTiO3 and BaTiO3 have ABO3 perovskite structure with Eu2+ and Ba2+ on the A site and
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Ti4+ on the B site.20 BaTiO3 is a prototypical ferroelectric with a large room-temperature
polarization of 25 µCcm-2. EuTiO3 is reported to be a quantum paraelectric with a large dielectric
constant (ɛ ~400),19,85 while electronic structure calculations show that ferroelectricity could be
induced from elongation (compressive or tensile strain)86. Synthesis methods for (Eu,Ba)TiO3
compounds have previously included ceramic solid-state reactions4,25,26,87,88, hydrothermal,89
vapor diffusion,90 PLD,75 and high-temperature mechanochemical activation.20 Materials
engineering of nanoscale Eu-Ba-Ti-O could be attempted via bulk solid-state processing and ballmilling, but this presents drawbacks in terms of product fidelity and size control. Through an
approach more akin to molecular templating to drive crystallization, at lower temperatures and
under variable redox conditions, we attempted to realize the goal of controlling phase and
oxidation state, based on modified sol-gel chemistry techniques used by our group.81,91–93

3.2 Experimental
6.5 wt% barium ethoxide (Ba(OCH2CH3)2 was prepared in the lab by dissolving barium metal
pieces in pure ethanol (200 proof) after stirring magnetically overnight in a nitrogen glovebox.
Barium metal pieces were purchased from Alfa Aesar, and pure ethanol (200 proof) purchased
from Decon Laboratories, Inc., titanium isopropoxide (Ti{(OCH(CH3)2}4) and europium metal
pieces were purchased from Sigma-Aldrich and Alfa Aesar respectively. All elements/chemicals
were used as purchased. The EBTO nanoparticles were synthesized using the gel collection
method81 under an inert nitrogen atmosphere in the glovebox. In order to make Eu0.5Ba0.5TiO3,
stoichiometric amounts of europium metal (0.473 g or 3.125 mmol) were dissolved in 40 mL of
200 pure ethanol and magnetically stirred until the metal pieces dissolved and the colorless
solution started to gain color. A dark brown solution was obtained after staying overnight in the
glovebox and then centrifuged for 15 min, 6500 rpm to form a clear yellow solution. This solution
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was presumed to be Eu(OCH2CH3)2.94 Stoichiometric amounts of lab-made barium ethoxide
(3.125 mmol or 6.60 mL) was added to the europium solution and stirred magnetically for 20
minutes. Then 1.89 mL of Ti{(OCH(CH3)2}4) was added and the solution immediately turned
black upon the addition of titanium isopropoxide. The absence of water at this stage prevents the
premature self-hydrolysis of the molecular precursors. After another 20 minutes of stirring, a 10
mL solution of 2.5 mL deionized H2O (4% DI water of total volume) and 7.5 mL 200 proof ethanol
was prepared and added dropwise to the solution under stirring leading to form a black gel (shown
in Fig. 16). The gel was transferred to a sealed container (e.g. a centrifuge tube with a cap) and
left to age overnight in the glovebox. Once formed, the gel was readily extracted from the mother
solution (ethanol) and could be removed, divided into two parts, and thermally treated for
crystallization. Portions of the gel were treated in two ways: (i) 650°C (1°C/min) for 8 hours both
in the air (upright furnace) and (ii) under Argon/Hydrogen Ar (95%)/H2(5%). For Ar/H2, a sealed
tube furnace with a bubbler, connected to the Ar/H2 tank was used (Fig. 17 demonstrates a
schematic for synthesis and crystal structure of nanoscale Eu0.5Ba0.5TiO3). The resulting Europium
Barium Titanate (EBTO) nanoparticles were characterized using powder X-ray diffraction (XRD),
X-ray Photoelectron Spectroscopy (XPS), Transmission Electron Microscopy (TEM) and Energy
Dispersive X-ray Spectroscopy (EDS). The XRD measurements of the dried EBTO powder were
performed on a PANalytical X’ Pert Pro using Cu Kα radiation. XPS measurements were recorded
on the EBTO powder samples on a Physical Electronics Versaprobe II XPS. The XPS peaks were
fitted using Multipak v. 9.6.0.15 software. TEM was performed using a JEOL 2100. Samples for
the TEM were prepared by dispersing the nanocrystalline powders in 200 proof ethanol and dropcasting 5µL of the resulting suspension on a carbon-coated copper grid. TEM and EDS
measurements were recorded on a JEOL 2100 microscope. Diffuse reflectance (DR) spectra were
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obtained from UV to NIR (200-800 nm) using a CARY 500 spectrophotometer equipped with a
diffuse reflectance accessory (integrating sphere). Room temperature photoluminescence (PL)
emission spectra of the samples (230 nm excitation) were collected using Spectramax id5
instrument (Molecular Devices).
The voltage tolerance and resistance of the EBTO-Air and EBTO-Argon samples were
characterized using a Keithley 2440 source meter. For EBTO-Air, the voltage range used was 0V
to 200V with steps of 4V. For EBTO-Ar, the voltage range used was 0V to 10V with steps of 0.4V.
At each voltage, the current observed by the Keithley was recorded. The resistivity was calculated
using the equation: ρ = A/(m*L), where m is the slope of the linear I-V curve, A is the area of the
sample, and L is the thickness of the pellet. The area and thickness of the samples respectively
were 1 cm2 and 0.1mm thick. To determine the voltage tolerance, each I-V curve was fitted
linearly, and the voltage tolerance was extrapolated as the point where the current density crosses
10 μA/cm2.

Fig. 16. Europium in EtOH followed by gel formation (top) and transformation from black to white upon
exposure to air/oxidation (bottom)
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3.3 Results and Discussion
Gel collection81 was applied to synthesize europium barium titanate and resulted in highly
crystalline, single-phase perovskite crystal structures of the form Eu0.5Ba0.5TiO3, (referred to in
this article as EBTO), with the observation of the formation of multivalent versions dependent on
processing conditions. One initial concern, with a major influence over electronic/magnetic
properties, is determining whether lanthanide ions in ABO3 occupy a single site (Ba or Ti) or
multiple sites (Ba and Ti). The Shannon ionic radius for Eu2+ (Z=63) ranges from 117 pm (C.N.
6) to 135 pm (C.N. 10), while the ionic radius of Eu3+ ranges from 95 pm (C.N. 6) to 112 pm (C.N.
9). For BaTiO3 the ionic radii are assumed to be Ba2+ (Z=56), 161 pm (C.N. 12), and Ti4+ (Z=22)
61 pm (C.N. 6). The Shannon ionic radius of Ti3+ is reported to be 67 pm (C.N. 6). Europium is
not typically observed to adopt a 12-fold coordination and is nearly three times the atomic number
of titanium. In terms of europium as a fit for the ABO3 system, the Eu2+ cation size appears to
present little problem (compare Ca2+, 135 pm (C.N. 12)). Shannon et al.95 predict that when Eu3+
replaces Ti4+ in the structure, the crystal lattice expands. The Goldschmidt tolerance factor (t) for
BaTiO3, is t = 1.06. For Eu0.5Ba0.5TiO3 with Eu2+ in the A site: t = 1.01; with a mixture of 50%
Eu3+/Eu2+ (neglecting the implication of charge): t = 0.98 (see Appendix). Since the radius of the
Eu3+ ion is intermediate between the radius of the Ba2+ and Ti4+, it could potentially occupy either
the A site or B site depending on Ba/Ti ratio.90,96 Generally, it has been reported that the larger
ions occupy the Ba2+ site predominantly and present donor behavior, while smaller ions prefer the
B site and exhibit acceptor behavior.97 Fang et al,98 and Fuentes et al.99 reported Eu3+ can be
substituted into both Ba2+ cation and Ti4+ ion sites, with some lattice distortion. A second, related
concern is regarding the oxidation state of the lanthanide. This is especially relevant in the case of
Eu, for which presupposing Eu in the perovskite is solely Eu2+ (as if it were replacing Ba2+), and
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that Ti would be solely Ti4+, may not be judicious, since the ionic model is less appropriate for
strongly correlated oxides. The classical model for titanium in ABO3 is with an oxidation state of
IV, but there are cases for which Ti is either solely or partially (III). For example, while
maintaining near-perfect integrity of the perovskite atomic arrangement, Jang et al. reported the
ability to create RO line defects (R=La, Sm, Nd) in between SrTiO3, for which Ti is formally in
the 3+ oxidation state.100 YTiO3 is a spin-ordered ferromagnetic d1 orthorhombic perovskite (space
group Pbnm) for which the presence of the TiIII/d1 state accounts the majority of its properties.101
Fujimori et al. considered a series of d1 transition metal oxides on the basis of a single-band
Hubbard model, and explained the opening of the band gap, from metallic VO2 to insulating
YTiO3/LaTiO3.102 The contrast of early and late transition metals can be characterized by firm
differences in the electron correlation effects and extent of orbital mixing. Early transition metal
compounds, containing Ti are characterized by a large extent of p-d orbital hybridization (pds),
and a concurrent strong covalency, found to increase as the number of d-electrons decreases. While
YTiO3 and LaTiO3 are d1 (t2g1eg0) compounds with a formal valence of 3+, a lower oxidation state
is calculated, with nd estimated to be 1.8/1.9, where nd = net d-electron occupancy.102 Treating
Eu0.5Ba0.5TiO3 as an orbitally mixed compound, as opposed to an ionic ceramic, is therefore
considered appropriate.
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Fig. 17. Schematic for synthesis and crystal structure of nanoscale Eu0.5Ba0.5TiO3.

Applying gel-collection as the synthesis method at room temperature allowed the preparation of
amorphous nanoparticles of Eu-Ba-Ti-O, and thermal treatment at 650°C was necessary to
complete crystallization (see Fig. 17). The in-house prepared precursors of (Ba(OCH2CH3)2 and
purchased (Ti{(OCH(CH3)2}4), Ti(iOPr)4, reacted as anticipated. The in-house prepared precursor
for europium “dissolution” ethanol was assumed to be Eu(OCH2CH3)2, with divalent europium,
according to previously reported Mossbauer spectroscopic characterization.94 We can posit the
mechanism, in the absence of water, is that loosely bound transition metal oxide species of
Ba(OR)2 and Eu(OR)2 form a homogenous mixture. The addition of Ti(iOPr)4 to the mixture
prompts a nucleophilic addition reaction as the M(OR)2 molecules insert between Ti(iOPr)4,
forming chains and commencing oxolation; the formation of bridging oxygen between metal
centers.103 With the addition of H2O, a more vigorous hydrolysis is initiated, involving the
formation of oxo-bridging groups and CH3CH2OH and HOCH(CH3)2 as leaving groups. The
premixing and homogenization of the metal centers paves the way for the formation of chains
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(becoming a corner-sharing network) of TiO6 octahedra amidst a charge-balanced configuration
of Ba/Eu ions. Alkoxy groups remain within the framework without complete condensation having
occurred. At room temperature, the sol that has been generated remains largely amorphous to
powder XRD detection limits. The sol is composed of relatively uniform nanoparticles that can be
isolated as a gel for further processing - the gel is itself a solid object composed of a loose
aggregation of nanoparticles (a particulate gel monolith). Nanoscale crystallization at lower
temperatures can then occur without sintering. At 650°C, crystallization of the nanoparticle occurs
through the process of framework condensation, via thermal dihydroxylation and dealkoxylation.
Viscous sintering, and ceramic densification, driven by the energy gained in reduction in surface
area, is not observed at 650°C: temperatures for sintering transition metal oxides are typically
1100-1300°C, approximately twice that of the nanoparticulate crystallization temperature used
here.
Following reaction of the precursors and isolation of the black gel monolith, the gel was divided
into two parts, for either thermal treatment (650°C) in air/O2, or Argon/Hydrogen (95% Ar:5%
H2), an oxidizing or reducing environment respectively. These two pathways were chosen to
investigate the stability/metastability of the nanoscale (Ba,Eu)TiO3 oxide under these conditions.
As reported previously, bulk EuTiO3 reverts to the pyrochlore polymorph above 900 °C,74 whereas
it was hypothesized that the introduction of Ba into the structure would favor the stabilization of
the cubic perovskite framework,4 even under ambient/air thermal treatment conditions. The
products formed can be described as a nanocrystalline powder in which free nanoparticles in the
size range 20-40 nm are loosely aggregated. Sizeable batch quantities (> 500mg) are readily
produced. Sonication in ethanol produces a nanoparticle powder dispersion (Fig. 17). While
differently processed samples shared the same perovskite structure, there were very strong
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observable differences in their physical properties, including color, magnetic properties, and
frequency-dependent dielectric behavior. The sample sets are referred to as EBTO – Europium
Barium Titanium Oxide, with the affix EBTO-Air (prepared in air) or EBTO-Argon (prepared in
Argon/H2).
3.3.1

Physical/Structural Characterization

Powder X-ray diffraction shows the perovskite EBTO structures for both samples in air and in
reducing atmosphere, labeled with peak positions and identifiable Bragg planes. The initial gel
was heat-treated in air and in Ar/H2 to a series of temperatures, starting from 450°C, 650°C, 750°C,
850°C and 1000°C (Fig. 18). The samples are named EBTO-Air and EBTO-Argon. X-ray
diffraction was carried out for each set of samples, both of which were amorphous at 450°C, with
complete crystallization > 650°C, at which point sharp Bragg peaks of perovskite structure
emerged in the XRD.

Fig. 18. X-ray Diffraction of both samples (air in blue, argon in green) at 450 ºC, 750 ºC, 850 ºC and 1000 ºC

The X-ray powder diffraction patterns for 650°C samples are shown in Fig. 19, together with
representative electron micrographs and images of the powder samples. The first striking
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difference is that, in spite of very similar X-ray powder diffraction patterns and TEM images, one
is black (EBTO-Ar) and one is white (EBTO-Air). Indexing of the Bragg peaks in both cases (see
Fig. 19) corresponds to a phase-pure perovskite. The Bragg reflections for the lattice planes in the
powder diffraction spectrum of EBTO-Air are systematically shifted to smaller values by 0.2° 2q
when compared to those of EBTO-Argon. There is evidence of a slight shoulder of the (110) peak
at around 28° 2q, in both cases which can be attributed to the presence of trace barium carbonate
impurity occurring on exposure to ambient conditions, due to moisture absorption on the
nanoparticle surface. Previous investigations of sub-10nm barium titanate nanoparticles have
indicated that surface Ba2+ is susceptible, over time to react with moisture from the air to form
trace quantities of BaCO3.82

Fig. 19. a) Powder XRD and TEM images of EBTO (Eu0.5Ba0.5TiO3), together with TEM images of (b)
EBTO-Air (white) and (c) EBTO-Argon (black). Powders and ethanol dispersions are also shown.

To test the structural and chemical stability of nanoscale EBTO, samples were left on the bench
for 4 months, under conditions of ambient temperature, pressure and atmospheric moisture. In both
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cases the EBTO perovskite structure was retained as determined by powder XRD, but with a slight
growth of an amorphous shoulder around 28° 2q (Fig. 20). We conclude that the same reaction
with the ambient surroundings is happening in this case; the shoulder to the left of the (110) peak
is attributed to carbonate at the surface of the nanoparticles. The formation of trace BaCO3 can
also be reduced by washing the sample with D.I. water.

Fig. 20. X-ray Diffraction of EBTO-Air (a) and EBTO-Argon (b), showing the perovskite structure after 4
months of exposure to air/moisture.

Closer analysis of the X-ray powder diffraction patterns of both samples shows that the Bragg
reflections for the lattice planes in the powder diffraction spectrum of EBTO-Air are shifted
slightly to the left when compared to those of EBTO-Argon, corresponding to a slight difference
in lattice parameter (Fig. 21). Typically, in bulk samples, the FWHM of the X-ray peaks is
sufficiently narrow to deduce tetragonal splitting, with a focus on the (200) peak. Here the (200)
FWHM is 0.46° 2q (EBTO-Argon) and 0.38° 2q (EBTO-Air) as a consequence of Debye-Scherrer
broadening at the nanoscale. It is not possible to determine any evidence of tetragonal distortion
from this data alone. Pair Distribution Function analysis (PDF) has been used previously to show
strong evidence of tetragonal distortion in < 10 nm nanocrystals of perovskite Ba(Fe,Ti)O3.82
Using the Scherrer equation, the 2q values correspond to nanoparticle sizes of 19.6 nm (Argon)
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and 23.7 nm (Air) respectively, in reasonable agreement with the more reliable determination of
particle size by TEM. Assuming a cubic space group of 𝑃𝑚3<𝑚 in both cases, the unit cell
parameter was calculated from the Bragg reflections to be 3.99 (EBTO-Air) and 3.97 (EBTOArgon). This is consistent with typical cubic perovskite oxide structures, with the observation of a
slightly smaller lattice constant when compared to BaTiO3, anticipated due to the smaller size of
the EuII/III cations.

Fig. 21. XRD spectrum and magnified selected peak positions for EBTO-Air (blue) and EBTO-Argon (green)
heated to 650 ºC

The size, morphology and relative composition of the nanoparticles were further analyzed by
Transmission Electron Spectroscopy and particle distribution (Fig. 22, Fig. 23) and Energy
Dispersive Spectroscopy (Fig. 24, Fig. 25). The nanoparticles disperse well in alcohols such as
ethanol without the use of surfactants allowing for, among other things, EM microgrid preparation.
Selected area electron diffraction indicates uniform crystallinity and that the samples are
polycrystalline. Lower magnification TEM analysis and particle size distribution show that the
nanoparticle size distributions of EBTO-Argon are in the range of 20-25 nm (Fig. 22) and for
EBTO-Air is in the range of 30-35 nm (Fig. 23). Lattice imaging further confirmed that the
46

nanoparticles when isolated were single crystalline and presented as perovskite, with clear
evidence of the (110) and (111) lattice planes in HRTEM. Electron microscopy at higher
magnifications also shows a distinction between EBTO-Air and EBTO-Argon, highlighting the
effect of the processing conditions. In EBTO-Air a thin amorphous layer ~2-4 nm in thickness can
be observed as a shell around the crystalline core, whereas in EBTO-Argon this layer is not present.

Fig. 22. TEM images and size distribution of EBTO-Argon (average particle size: 20-25 nm)

Fig. 23. TEM images and size distribution of EBTO-Air (average particle size: 30-35 nm)

Energy dispersive X-ray spectroscopy (EDS) is capable of confirming and comparing relative
amounts of high Z elements in nanocrystals. Gel-collection has previously proven reliable in terms
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of reactant stoichiometry being preserved in product stoichiometry.81 For EBTO samples, EDS
mapping analysis was performed in order to obtain a composition cross-section. The mapping
analysis confirms the presence of Eu, Ba, Ti, O elements in the samples with a fairly reliable
stoichiometric ratio and is shown in Fig. 24 and Fig. 25. The shell layer in EBTO-Air is thought
to be an amorphous oxide layer composed of the same elements Eu-Ba-Ti-O, based upon
inferences from the EDS. This oxide layer can serve as a barrier layer and has been known to be
created synthetically in various cases including ferroic nanocomposite design.104

Fig. 24. EDS mapping and stoichiometric ratio of EBTO-Argon

Fig. 25. EDS mapping and stoichiometric ratio of EBTO-Air

In order to determine the stability of the perovskite phase, and to assess whether metastable, EBTO
samples were heated to 1000°C. In the case of EBTO-Argon the persistence of the perovskite
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phase was observed ³1000°C (Fig. 26a). However, the XRD pattern for EBTO-Air begins to
reveal a mixture of phases ³850°C (Fig. 26b).

Fig. 26. XRD of EBTO-Argon (a) and EBTO-Air (b). The darker color in each set of graphs indicates heating
to 650 ºC and the lighter color indicates heating to 1000 ºC

Bragg peaks that can be indexed to perovskite (Ba,Eu)TiO3 and pyrochlore Eu2Ti2O7 crystal
structures emerge, alongside some smaller peaks attributed to minor europium oxide Eu2O3
formation and is shown in detail in Fig. 27. Thermal treatment in oxygen leads to increasing
amounts of Eu3+, which preferentially forms pyrochlore Eu2Ti2O7 and some Eu2O3 at temperatures
high enough (1000°C) for phase decomposition to occur. The three more peaks in positions around
33º, 47º and 58º 2θ attributed to Eu2O3.105,106 Generally, at lower temperatures, preservation of the
perovskite Eu0.5Ba0.5TiO3 structure occurs, even when heated in the presence of oxygen, is
remarkably stable. This may be kinetic stability promoted by the barrier layer, which inhibits
further oxidation. It is, in conclusion, interesting to observe the ability to synthesize stable
nanoscale Eu0.5Ba0.5TiO3 in oxidizing (air/O2) as well as reducing (Argon/H2) atmospheres.
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Fig. 27. Labeled XRD of EBTO-Air heated to 1000 ºC. The peaks attributed to perovskite are shown in black,
and the pyrochlore peaks are shown in red.

3.3.2

Magnetic Characterization

The magnetic properties of the EBTO (Eu0.5Ba0.5TiO3) samples were analyzed in order to
determine the presence, extent, and type of magnetization. Magnetic measurements were
performed using a Quantum Design Magnetic Property Measurement System (MPMS) at the
Center for Nanophase Materials Science (CNMS) at Oak Ridge National Laboratory in Tennessee.
The field cooled (FC) and zero field cooled (ZFC) measurements were carried out on EBTO
samples between the temperature range of 0-300 K. For the ZFC measurement, the samples were
cooled to 5 K in the absence of an external magnetic field. Once at 5 K, an external magnetic field
of 2000 Oe was applied, and the magnetization was measured during the slow warming process to
300 K. For the FC measurement, the samples were cooled down to 5 K in the presence of a 2000
Oe magnetic field and the magnetization was measured during cooling under the same field.
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Magnetic hysteresis measurements were taken with a maximum sweeping magnetic field of 40000
Oe on the same instrument at 5 K by varying the magnetic field from -40000 Oe to 40000 Oe and
measuring the magnetization. The M-H curve obtained at 5 K and 0-40000 Oe which indicates that
neither of the samples reaches full magnetic saturation at this magnetic field strength is shown in
Fig. 28 (a) and (b). Zero-field cooled (ZFC) and field cooled (FC) magnetization curves (M–T)
were obtained at a magnetic field of 2000 Oe, which are displayed in Fig. 28 (c) and (d). The
highest values of magnetization observed in the FC measurement were 0.84 emu/g for EBTOArgon and 0.025 emu/g for EBTO-Air. As the temperature is increased the magnetization
decreases as a result of the randomization of the magnetic orderings within the nanoparticles due
to the thermal energy. The M-T curve data allowed for the calculation of Curie and Weiss
constants, using a fit to the Curie−Weiss law model according to c = (C/(T-q) + b.), where χ is the
magnetic susceptibility (magnetization), C is the Curie constant, q is the Weiss constant, T is the
temperature in Kelvin, and b is a fitting parameter (Table 3). The Weiss constant generally allows
for insight into the short-range magnetic interactions within the compound. Here, the Weiss
constant values are indicative of potentially antiferromagnetic behavior which is largely obscured
by paramagnetic behavior. Lack of evidence for long-range antiferromagnetic ordering is
attributed to the nanoscale nature of the compounds and a concurrent large number of surface
spins, that contribute to spin anisotropy.107 Comparative analysis of the M-H data at low
temperatures (Fig. 28 c and d) shows clear differences by more than an order of magnitude in
magnetization. Since sample particle size analysis (Fig. 22, Fig. 23) show that the nanoparticle
size distributions are relatively narrow and in the range 20-25 nm for EBTO-Argon and 30-35 nm
for EBTO-Air, the observable differences were attributed to the composition of the two samples
(particularly oxidation states of Eu) as opposed to the particle size difference. HRTEM also

51

indicated the nanoparticles are single domain in both cases. Multi-domain crystallinity would have
an impact on magnetization and is not observed here. As the thermal motion of the electrons is
reduced, the observed overall magnetization increases proportionally to the increasing number of
electrons. This can be interpreted that EBTO-Argon sample has more unpaired electron spins, due
to the reducing environment maintaining more Eu2+,[Xe]4f7, compared to the EBTO-Air sample
having less electrons, having been subjected to more oxidizing conditions (and therefore a higher
presence of Eu3+, [Xe]4f6.

Fig. 28. a) and b) M-H curves, c and d) M-T curves for EBTO-Air and EBTO-Argon samples
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Table 3. Curie and Weiss constant values for EBTO-Air and EBTO-Argon samples

3.3.3

Sample

Curie Constant
(C)

Weiss Constant
(q)

Fitting parameter
(b)

EBTO-Air

16.37±2.09

-524.97±41.7

-0.012±0.001

EBTO-Argon

-0.039±0.03

21.84±0.3

0.054±0.006

LCR Dielectric Measurements

Impedance analysis was performed on the EBTO samples (Air and Argon) using an LCR meter
(Inductance-Capacitance-Resistance meter) with the main goal of measuring frequency-dependent
permittivity. Impedance/capacitance measurement of nanoscale samples is highly dependent on
the specific processing conditions of the film under measurement, due to grain size, grain surface
area and void space between the grains.108 The results can yield much information about the
dielectric behavior of the compound under investigation, but the absolute value of permittivity
(intrinsic dielectric constant) of nanoscale Eu0.5Ba0.5TiO3 is more complex to determine, requiring
an air-nanoparticle composite model.109,110 Pressed pellet capacitors of each compound were
prepared using a Cyky 12T Laboratory manual powder metallurgy press machine to provide
pressed and thin round disks. The pellets were prepared as simple parallel plate capacitors using
silver conductive epoxy (MG chemicals) as contacts and were kept in the furnace at 60°C
overnight. LCR measurements were performed on the samples to obtain the frequency-dependent
effective permittivity, eeff, and dissipation loss (tan δ). Measurements were performed over the
frequency range of 100 Hz to 2 MHz using an Agilent E4980A Precision LCR Meter. The
frequency-dependent behavior of the effective permittivity, eeff, and dissipation loss (tan δ) are
shown for both samples in Fig. 29 (part a and b) and Fig. 29 (part c and d) respectively. For
EBTO-Argon, the effective dielectric constant at low frequencies is ~130 (1 kHz) decreasing
steadily to ~100 (2 MHz) and the dissipation loss is in the range of 0.05 shown in Fig. 29 (part a
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and c). In clear contrast, EBTO-Air has a very stable eeff of 25 over the entire frequency range (100
Hz-2 MHz) and shows a very low dissipation loss (~ 0.01) shown in Fig. 29(part b and d). The
EBTO-Air is concluded to perform very well as a stable dielectric material with a relatively high
effective permittivity in pellet form. The frequency dependence of tan δ is shown in Fig. 29. For
EBTO-Argon decreases from 0.09 (1 kHz) to 0.03, 2 MHz). This value of tan δ is quite typical of
film or pellet processed nanoscale complex oxides in which low-frequency loss can partly be
attributed to contributing space extrinsic charge effects at the surface of the nanoparticles, while
higher frequency loss is attributed to charge hopping due to the presence of multivalent metals.57,58
The expectation of some leakage, and low to medium resistivity/dielectric strength as a result of
the presence of mobile carriers is anticipated in voltage tolerance and conductivity measurements.
In the case of EBTO-Air, tan δ is in the range becoming of a dielectric material 0.03 (1 kHz) to
0.007 (2 MHz), with good stability and values suitable for capacitance, energy storage
applications.111 This is interesting because owing to the multivalent character of Eu, one would
anticipate a lossier, lower resistivity film. The core-shell structure of the nanoparticle presents an
interesting case for potential applications because the core retains some of the desirable behavior
(magnetic, photoluminescent) unique to the europium while the shell makes the material insulating
and highly suitable for dielectric films. Voltage tolerance and conductivity measurements were
performed on the pelletized samples (Fig. 29 e and f). Voltage tolerance/resistance was performed
using a Keithley 2440 source meter. Due to the very different resistances of the two samples, the
voltage ranges needed to observe the voltage tolerance were different (EBTO-Air, was 0V to 200V,
step 4V; EBTO-Argon, 0V to 10V, step 0.4V). The EBTO-Argon was significantly more
conductive than EBTO-Air (resistivities of 59.54 kΩ/mm and 2133.49 GΩ/mm respectively). The
terms breakdown voltage or dielectric strength are often used interchangeably to mean the point at
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which an insulating material breaks down or is shorted, allowing current to flow. However, for
nanomaterials and nanocomposites, it is more practical to consider voltage tolerance and to more
closely define the voltage at which a specific level of current flow is reached which can be
considered a tipping point but may also be reversible and/or be a cause of self-healing.112 Previous
work by Yang et al. defines the breakdown voltage for a dielectric as the applied voltage when the
leakage current exceeds 10 μA/cm2.112,113 The Keithley 2440 could source up to 200V and measure
up to 0.1 A. Each I-V curve was fitted linearly, and the voltage tolerance was extrapolated as the
point where the current density crosses 10 μA/cm2. The surface area of both materials was 1 cm2
so the breakdown voltage could be expected to occur at 0.1 μA. From the fitting, it was determined
that EBTO-Argon and EBTO-Air have voltage tolerances of 0.0234 V and 220.42 V respectively
for 100 µm pellets. EBTO-Air is behaving like a conventional dielectric film with voltage tolerance
of ~22 kV/cm, (2.2 Vµm-1), promising for an unsintered, nanoparticulate film with no polymer
filler, and notwithstanding breakdown voltage (EB) would be considerably higher than this value.
For comparison, high electric fields are considered to be > 10 Vµm-1, and commercial BaTiO3
based MLCC capacitors typically have dielectric layers with EB in the range 20-30 Vµm-1.114
Impedance spectroscopy (IS) is a powerful, non-destructive tool for the investigation of dielectric
materials and can help correlate the structural and electrical characteristics of nanocrystalline
materials as a function of frequency.57,115 When contemplating a thin film composed of a nanoscale
ceramic-like oxide, factors that affect permittivity values at low frequency depend greatly on
processing conditions that influence grain size, grain boundaries and additional compositional
features created during processing that are not necessarily intrinsic to the chemical structure of the
compound. These are termed extrinsic effects. At low frequencies, typical polarization
mechanisms in thin films comprised of oxide nanograins can arise from interfacial (Maxwell55

Wagner-Sillars) and additional ionic space-charge effects.116 The eeff for this region is therefore
considered to be dependent on the texture of the pellet and interface between electrode and pellet,
and the intrinsic behavior of the film is only one of several contributions. The result of “spacecharge” effects is that at low frequencies, ε' is dominated by the extrinsic contact capacitance, often
higher than the intrinsic bulk capacitance. With increasing frequency, the intrinsic response
dominates.117 In the EBTO films, very little extrinsic contribution is observed, and they are
behaving like true capacitors. The EBTO-Air reveals itself to be a very stable capacitor over the
full frequency range, yielding a frequency response of the permittivity that follows an insulating
dielectric, confirmed also by the voltage tolerance measurement. The response of EBTO-Argon is
also stable, with slight evidence of space charge effects < 200Hz. The effective permittivity, eeff,
decreases by about 23% from 132 (1 kHz) to 101 (> 1 MHz). In the 1-100 kHz regime, internal
barrier layer capacitance can contribute to unusually large values of permittivity,118,119 but by 1
MHz, it is generally the intrinsic value that is under observation. Therefore, we can largely rule
out contribution to eeff due to extrinsic effects and conclude that EBTO-Argon possesses an
intrinsic capacitance that is 4-5x larger than the EBTO-Air counterpart. The EBTO-Argon sample
also shows a lower voltage tolerance and higher conductivity by several orders of magnitude, these
observations combined with the higher eeff give an indication of mobile surface electrons that are
not present in EBTO-Air.
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Fig. 29. a) and b) Effective permittivity, c and d) Dissipation measurements

Fig. 21. e) and f) Voltage tolerance and conductivity measurements for EBTO-Argon and EBTO-Air
respectively
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3.3.4

XPS Measurements

From the characterization performed, a distinctive variance in magnetic/electronic behavior was
observed as a function of redox processing conditions for nanoscale Eu0.5Ba0.5TiO3. X-ray
Photoelectron Spectroscopy (XPS) analysis, including peak fitting/modeling, was performed on
EBTO-Air and EBTO-Argon samples in order to assess, as close as possible, the oxidation states
of the elements present. All spectra presented are from a surface analysis survey and referenced to
the C 1s-signal at 284.8 eV. Survey and referencing of XPS data to the C 1s-signal is, in-of-itself,
an issue discussed in the literature.120 However, given the C 1s method is standard protocol
performed by the manufacturers of the Physical Electronics Versaprobe II XPS, we elected to use
the referenced data as collected. The observed binding energies and full-widths-at-half-maximum,
together with some relevant literature values (FWHM) are summarized in Table 4. XPS peaks
were analyzed and fitted using MultiPak v. 9.6.0.15 software. XPS spectra for barium and oxygen
in both EBTO-Argon and EBTO-Air samples is shown in Fig. 30 and confirm Ba2+ and O2-. A
broad Ba 3d5/2 peak was observed in the 776-783 eV range and was fitted to two peaks at 779.4
and 778 eV for EBTO-Argon and 779.3 and 778 eV for EBTO-Air, respectively. These values
agree well with previously observed features in samples of BaTiO3.121 The deconvolution of the
Ba 3d5/2 peak shows an α-bulk and β-surface species of Ba2+, respectively, as Ba2+ is in a different
chemical environment depending on if it is within the nanoparticle or on the surface. The α peak
is at 779.3/779.4 eV, and the β peak is at 778 eV; these agree well with literature110. For O 1s there
are two peaks present in both argon and air samples; one at around 528 eV and a shoulder at around
530 eV respectively. The shoulder was attributed to the formation of surface carbonate, as
perceived by the powder XRD and is confirmed by FT-IR (Fig. 31).
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Fig. 30. XPS spectra of Barium 3d (a and b) and Oxygen 1s (c and d) in EBTO-Air and EBTO-Argon

Fig. 31. FTIR of EBTO-Argon (green) and EBTO-Air (blue) left under ambient conditions. EBTO-Air is
observed to absorb CO2 from the atmosphere with the formation of BaCO3 (especially ~ months)
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Table 4. XPS peaks for Ba0.5Eu0.5TiO3 and comparison with literature values.
XPS
photoelectron
(with Fig. no.)
Ti 2p1/2 (Fig. 33)
Ti 2p3/2 (Fig. 33)
Ba 3d5/2 (Fig. 30)
O 1s (Fig. 30)
Eu 3d3/2 (Fig. 32)
Eu 3d5/2 (Fig. 32)
Eu 4d3/2 (Fig. 32)
Eu 4d5/2 (Fig. 32)
*

EBTO-Air,
observed
BE* (eV)

FWHM
(eV)

462.9
463.9
457.4
458
778
779.4
528.8
530.2
1155.3
1163.4
1125
1133.8
130
140.6

1.45
0.86
1.44
1.43
1.56
1.58
1.33
2.18
6.05
6.36
5.73
5.12
2.63
4.38

127.3
135.1

1.94
3.36

EBTO-Argon,
observed BE*
(eV)
462.9
463.9
457.4
458

FWHM
(eV)

528.9
530.3
1154.
1163.6
1124.2
1134.1
132.4
140.9

1.34
0.97
1.18
1
1.43
1.58
1.3
2.43
6.05
6.36
3.5
5.03
1.72
3.95

127.6
135.3

2.2
3.85

778- 779.3

BaTiO3 and
SrTiO3122,123

TiO2124

Eu: SiO2,
Eu2O3125

464.6

464.0

-

457.7-459

458.2459.3

-

778.0-779.1

-

-

528.8-530.3

529532

-

-

-

-

-

-

-

-

-

1155.9
1165.4
1126.1
1135.8
134.2
142.9
128.4
137.3

Binding Energy

Europium 3d and 4d binding energy XPS spectra for both EBTO-Air and EBTO-Argon were
recorded (Fig. 32). The Eu 3d binding energies in the EBTO-Argon (Fig. 32b) are assigned to the
Eu2+ 3d5/2(1124.3 eV), Eu3+ 3d5/2(1133.9 eV), Eu2+ 3d3/2(1154.8 eV) and Eu3+ 3d3/2(1163.6 eV). In
the EBTO-Air sample (Fig. 32a), the Eu 3d binding energies are assigned to the Eu2+ 3d5/2(1124.8
eV), Eu3+ 3d5/2(1133.9 eV), Eu2+ 3d3/2(1154.9 eV) and Eu3+ 3d3/2(1163.2 eV). The Eu 3d spectra
for both samples are almost identical and having a combination of Eu2+ and Eu3+, however, the
majority is attributed to Eu3+. The Eu2+ 3d5/2 and Eu2+ 3d3/2 spin-orbit components are located at
30.5 eV and 30.1 eV for EBTO-Argon and EBTO-Air respectively which are in good agreement
(Δ=30 ±1 eV) with Eu in the 2+ oxidation state.126 Similarly, the Eu3+ 3d5/2 and Eu3+ 3d3/2 spinorbit components appear at 29.7 eV and 29.3 eV for EBTO-Argon and EBTO-Air respectively
which attribute to Eu in the 3+ oxidation state.127
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The Eu 4d binding energies are also present in Fig. 32. For the EBTO-Argon sample (Fig. 32d),
the peaks are assigned to the Eu2+ 4d5/2(126.8 eV and 128.6 eV), Eu2+ 4d3/2(132.8 eV), Eu3+
4d5/2(135.4 eV) and Eu3+ 4d3/2(138.5 eV and 141.2 eV). In the case of EBTO-Air sample (Fig.
32c), the Eu 4d binding energies are assigned to the Eu2+ 4d5/2(127.5 eV and 130.7 eV), Eu3+
4d5/2(134.6 eV and 136.2 eV) and Eu3+ 4d3/2(140.8 eV and 141.7 eV). The Eu2+ 4d5/2 peak in the
Argon sample and the Eu3+ 4d5/2 in the air sample consist of two components which most likely is
attributed to the different oxidation processes of europium either on the surface or the bulk. The
Eu 4d graphs show a vivid difference in the air and argon samples. The EBTO-Argon has an
obvious peak for Eu2+ 4d3/2 and 4d5/2 which is very tiny or almost absent in the case of EBTO-Air
sample.
In the case of Europium XPS, we consider that it is likely more difficult to obtain fully reduced
Eu2+, based in part on our experimental observations, those in the literature, and the standard
reduction potential of Eu3+/Eu2+. Furthermore, it has been reported that thermodynamically
unstable Eu2+ ions are prone to be easily oxidized by H2O and O2, particularly under X-ray
irradiation during XPS measurements127. In some previous cases, such as Eu0.5Ba0.5TiO3 prepared
by PLD128, Ti3+ was observed by XPS, while predominantly Eu2+ was observed in the europium
4d XPS spectra. Very little evidence of the presence of Eu3+ was observed by XPS, suggesting no
oxidation of Eu(II) to Eu(III) had taken place, and the conclusion was most likely Eu0.5Ba0.5TiO3d

with oxygen vacancies accounting for the difference and suggesting charge neutrality was

maintained solely between Ti3+/Ti4+ and oxygen, while Eu remained +2. In this case, we observe
the presence of Eu3+, commensurate with chemical solution processing conditions and the data
recorded. The observation of Eu3+ is unequivocal and is observed in both europium 3d and 4d XPS
spectra. The ratio of Eu(II) to Eu(III) can be estimated, and there is a strong indication that the
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amount of Eu(III) is higher in the case of the perovskite derived from air vs. Ar/H2, which is to be
expected. The ratio of Eu2+ and Eu3+ in each compound was calculated using the area percentage
given in the Multipak software. However, since XPS is a surface analysis technique the
determination is imprecise and would likely suppress true values of Eu2+, since Eu3+ may be more
abundant at the surface. Estimations, based upon relative peak sizes and areas, lead us to conclude
the

following

preliminary

estimations

of

stoichiometry/oxidation

Eu(II)0.1Eu(III)0.4Ba0.5Ti(IV)0.4Ti(III)0.6O3-d;

state:

EBTO-Air:

EBTO-Argon:

Eu(II)0.15Eu(III)0.35Ba0.5Ti(IV)0.5Ti(III)0.5O3-d, for which some oxygen deficiency is incorporated,
based upon expectations for such compounds, and for which d < 0.1.
The observation of a color change (from black to blue to white) when the material is opened to air,
within 10 minutes at room temperature provides immediate confirmation of the materials'
sensitivity to environmental oxygen, and the tendency of the surface Eu to be oxidized to Eu3+.
But interestingly, calcination to 650°C, in either case, allows for the crystallization of
Eu0.5Ba0.5TiO3 in the perovskite phase, unlike EuTiO3.74 In the case of EBTO-Air, the O2
atmosphere likely generates increased Eu3+ at the surface but in an amorphous oxide format of
approximately ~4nm thick, that ultimately converts to Eu2Ti2O7/ Eu2O3 at 1000°C (shown
previously in Fig. 27). The observation for EBTO-Air is that a kinetic barrier layer forms such
that the majority core perovskite structure is preserved, while in the case of EBTO-Argon the
perovskite structure is well preserved throughout. In both cases, however, the internal presence of
Eu(II) to Eu(III) does not cause destabilization of the potentially metastable perovskite structure,
nor structural transformation until ³ 1000°C: the perovskite structure can be retained even with an
unexpected partial quantity of Eu3+.
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Fig. 32. XPS spectra of Europium 3d and 4d for EBTO-Argon and EBTO-Air samples

Since the Eu XPS spectra clearly show the presence of Eu2+ and Eu3+, we rule out the supposition
that nanoscale EuBaTiO3 has single oxidation states for the Transition/Lanthanide elements
present. The compound is postulated to be of the form (EuII, EuIII)(Ba)(TiIII,TiIV)O3. Oxygen
vacancies cannot be ruled out, although they would favor the reduced states of the metal. In the
case of EBTO-Argon, such vacancies are more likely. In terms of the presence of multivalent states
of Eu and Ti, the analogy can be made with pseudo-binary and pseudo-ternary transition metal
oxides, such as La1-xSrxTiO3, in which an MIII and MII are supported by mixed-valence titanium.129
Similarly, in the (Li,La)TiO3 system titanium is known to reduce its oxidation state from IV to III
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during electrochemical Li+ insertion.130 Analysis of the Ti core-level L2,3-edge is not
straightforward, as it includes both the 3s and 3d p-DOS (projected Density of States) from Ti and
the initial 2p core level is split into two levels, 2p1/2 and 2p3/2, produced by spin−orbit interaction.
More sophisticated methods going beyond the independent particle approximation are required for
these calculations.131 However, Ti L2,3-edge spectra are known to be quite distinct for Ti4+ or Ti3+
in perovskite oxides.102,129,132 The presence of Ti3+ results in the splitting off of a Ti t2g band from
the states crossing the Fermi level in LDA (Local Density Approximation).133
The spectra for the Ti 2p peaks are shown in Fig. 33. The Ti 2p1/2 and Ti 2p3/2 spin-orbital splitting
photoelectrons for both samples are located at binding energies of 463.3 and 457.5 eV,
respectively. The peak separation of 5.8 eV between the Ti 2p1/2 and Ti 2p3/2 signals is in agreement
with previously reported literature values.134 The FWHM of the Ti 2p1/2 and 2p3/2 signals are shown
in Table 4. A review of published Ti 2p values for TiO2, show that the spin-orbital splitting
photoelectrons are generally located at binding energies of 458.2-459.3 eV (2p1/2) and 464.1-465.2
eV (2p3/2). XPS values for Ti 2p in perovskites are typically similar to those observed for
TiO2.134,135
Auger and Core-level photoelectron spectroscopy of Ti2O3, TiO2 and BaTiO3 has shown that
ascribing the oxidation state to Ti tends to point to a range from +2.9 to +4, depending greatly on
processing history and oxygen content.122 Indeed, the interesting catalytic behavior of TiO2 is
partially attributed to the mixed-valence character.136 Since the O 1s and Ti 2p core levels in
BaTiO3 and TiO2 have generally been observed to have identical binding energies and line shapes,
it is inferred that the Ti oxidation state is very similar in these two materials. We commonly tend
to assume the formal oxidation state of the Titanium is 4+, represented as a maximum valence for
charge neutrality in the formal stoichiometries. However, Ti-O bonding in both TiO2 and BaTiO3
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has a notable degree of covalency, and while Ba2+ ionicity is easy to discern, it is not the case for
Ti. Ti photoemission resonances, and corresponding electronic structure calculations and Raman
data have previously confirmed charge density distortion around the Ti-cation in perovskites.122
Electronic structure calculations in TiO2 support O 2p 3d hybridization with Ti 3d contributing
significantly to the valence band, while the conduction band is also composed of both Ti 3d and O
2p states.136 Cluster model predictions102 for the net d-electron occupancy nd for the formally d0
compounds SrTiO3, TiO2, yield nd = 1.0 –1.5, indicating a large covalency in the Ti with
considerable charge transferred from the oxygen sites to the metal sites. The strong covalency is
mainly due to the large value of pds. This is in agreement with band-structure calculations
predicting a significant Ti-O hybridization for the Ti oxides. Recent calculations indicate that the
ferroelectricity in BaTiO3 is driven by charge distortions around the Ti cation sites, which would
also support considerable charge transfer from the O sites.16 Similar hybridization calculations
(including ab initio Hartree-Fock) and comparison with experimental observations for X-ray
photoemission spectra have been performed for the series TiO, TiO2, Ti2O3, for which nd is found
to range from 2.6 to 1.7/1.6, as ionicity decreases along with the series.102 In TiO2 with oxygen
deficiencies or Ti2O3, an abundance of core holes, poorly screened final states (including surface
states) leads to the observation of lower photoelectron binding energies than the Ti 2p levels in
TiO2/BaTiO3, by ~1eV.122 This positive, initial-state chemical shift can be identified as a valence
of +3. We subsequently hypothesize, and model successfully a fitting of titanium that corresponds
to a mixture of valence states of between +3 to +4.
Ti 2p XPS spectra and fitting in Fig. 33 is an assumed combination of Ti3+ and Ti4+ in both EBTO
air and argon samples, with different ratios of the Ti4+/Ti3+ (increased in EBTO-Argon). The XPS
spectra show the Ti3+ 2p3/2 peak at around 457 eV and the other peak for the doublet Ti3+ 2p1/2 at
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around 462 eV. For the Ti4+, the Ti4+ 2p3/2 peak is present at around 458 eV and the Ti4+ 2p1/2 peak
at around 463 eV. The Ti peak areas were calculated by Multipak and compared with the Eu3+/Eu2+
ratio. The relative ratios of Ti4+/Ti3+ are estimated to be: 50%-50% for EBTO-Argon and 40%60% for the EBTO-Air sample, leading to an average of the oxidation state of +3.4-3.5, and to
proposed nd values of 0.5-0.6, well within the range of other compounds with known Ti-O
covalency.

Fig. 33. XPS spectra of Titanium 2p for EBTO-Argon(a) and EBTO-Air(b) samples

3.3.5

Optical Characterization

Complex transition metal perovskite oxides represent a wide range of electronic properties,
including the possibility of a tunable band gap137,138,139. Changes in the local environments and
control over the Eu valence states (Eu3+/Eu2+) in phosphor materials to tune their activation have
been extensively investigated with the aim of improving the materials’ photoluminescence (PL)
properties.140 Furthermore, the PL of lanthanide metals in ferroelectric perovskites has indicated
sensitivity to the polarization environment.141 For the evaluation of the optical features, diffuse
reflectance (DR) spectra of EBTO Air and Argon samples were obtained and had broad absorption
bands from UV to NIR (200-800 nm). The measurements, collected using a CARY 500
spectrophotometer equipped with a diffuse reflectance accessory (integrating sphere), are shown
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in Fig. 34a. The light absorption of EBTO-Air occurs below 430 nm, while, in contrast, EBTOArgon (black) shows an elevated light absorption across the entire range (Fig.

34b). The

absorbance/reflectance data confirm what is observable to the eye, that the EBTO-Argon sample
is strongly absorbing across the visible range while the EBTO-Air sample absorbs significantly
less light across the visible (400-800 nm) with much higher light scattering, giving rise to much
higher reflectance (65% vs < 10%). To obtain a quantitative evaluation of the visible absorption
profile, the indirect optical band gaps (Eg) values were estimated by applying the Kubelka-Munk
function142 by extrapolating the linear portion of (F(R)*hυ)2 versus hυ plots to intercept the photon
energy143 (Tauc plots in Fig. 34c) and were calculated to be of 3.31 eV and 3.42 eV for EBTOAr/H2 and EBTO-air respectively. A higher band gap for EBTO-Air is commensurate with the
observations of lower absorbance and more insulating character. These values, suggestive of
potential photoactivity, are similar to reported values for Barium titanate nanoparticles,137 while
the differences might be considered interesting for possible variations in catalytic activity. In the
case of EBTO-Argon, a stronger light absorbance was revealed at around 390 nm, suggesting that
the differences in the surface chemistry affect the optical properties, supported by the slightly
lower value Eg of 3.31 eV.
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Fig. 34. a) Reflectance, b) Absorbance and c) Tauc plot d) PL spectra for EBTO-Argon(blue) and EBTOAir(red)

The room temperature photoluminescence (PL) emission spectra of the nanocrystalline EBTO (Air
and Argon) samples excited with 230 nm wavelength are shown in Fig. 34d. The spectra were
collected using a Spectramax id5 instrument (Molecular Devices). 1 mg of the EBTO nanoparticles
were suspended into 1 ml DI water through cup horn sonication. Then a 1 mg/ml of nanoparticle
solution was transferred into a quartz cuvette. Photoluminescence emission peaks observed in the
500-800 nm region are assigned to their transitions in Fig. 35a. These transitions are emissions
from the typical 5D0 excited state to the 7FJ (J=0-4) ground state levels which are the response from
Eu3+ in both samples.144 The emission peaks are located at 602 nm, 622 nm, 657 nm and 703 nm
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which are related to 5D0®7F1, 5D0®7F2, 5D0®7F3 and 5D0®7F4 transitions respectively. Our data
is in good agreement with previously reported values (with a slight variation of excitation
wavelength of around 20 nm).144 Also, it has been reported that by increasing the excitation
wavelength to 395 nm, another peak is found for the 5D0 ®7F0 transition at around 610 nm.145 The
most intense transition in the luminescence spectrum is the 5D0 ® 7F2 at around 622 nm leading to
a strong red fluorescence.146,147,89 This intense red luminescence of Eu3+ transition is useful for
photoelectric devices and optical communications.143

Fig. 35. (a) The fitted curve of Photoluminescence (PL) spectra for the EBTO; (b) Comparison of PL spectra
of EBTO-Air and EBTO-Argon.

Fig. 35. a presents the emission transitions in detail in Fig. 35b and the comparison of EBTO-Air
and argon samples. Eu3+ emission is confirmed for both, and the amount of Eu3+ is clearly higher
in EBTO-Air, in agreement with XPS. There is a slight elevation at lower wavelengths for EBTOArgon the (green rectangle in Fig. 35b) which could be attributed to Eu2+. Eu2+ has broad emission
bands in the visible and NIR regions originating from the 4f-5d transitions at around 420 nm and
445 nm, corresponding to 4f65d1® 4f7(out of the range for this current measurement).145 The
relative intensities of Eu2+/Eu3+ vary with excitation wavelength: Baran. A. et al148 showed that
decreasing excitation energy can increase Eu2+ emission, confirmed by Xie, H. et al.149 In general,
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the luminescence of Eu3+ gives a red component to the blue/green luminescence of Eu2+. As a
result, when Eu2+ and Eu3+ coexist in a compound, these materials can be promising candidates for
white phosphors for LEDs.140,150 The unique optical features of Europium also make it promising
as a label in nanocarriers for biomedical sensing and imaging field applications, especially when
utilized in a nanoparticle delivery platform.151–153 The 5D0 ® 7F2 transition has a narrow emission
at 620 nm (Fig. 35) which can penetrate tissue or hemoglobin.154,155 A second attractive feature is
that the span of the absorption/excitation wavelength is relatively large when compared to other
lanthanide elements, making Eu an excellent scintillator for radioluminescence.156 Since
perovskite oxide nanoparticles are being developed for their potential as CT contrast agent
nanocarriers,157 the incorporation of Eu might improve the potential for imaging. The EBTO-Air
sample has a stronger red-light emission compared to EBTO-Argon. Overall, both EBTO-Argon
and EBTO-Air nanoparticle suspensions present promising luminescent opportunities properties
in the context of nanocomposites for phosphors and nanocarriers for biomedical applications.

3.4 Conclusion
In conclusion, nanocrystalline Eu0.5Ba0.5TiO3 was prepared, based on a (EuIIx/2EuIII1III
IV
x/2Ba1/2Ti y/2Ti 1-y/2O3-d)

system. Starting from metallic Ba(s) and Eu(s), molecular Ba/Eu alkoxide

precursors were synthesized and reacted with Ti(OCH(CH3)2)4 in the absence of O2/H2O. The
creation of a gel monolith is initiated with the addition of a stoichiometric quantity of H2O. The
reactivity of Ti(OCH(CH3)2)4 rapidly drives the formation of an amorphous Eu-Ba-Ti-O-OR
network which serves as the template for TiO6 octahedra oxolation and ultimate perovskite
(Eu,Ba)TiO3 formation at 650°C, lower than anticipated solid-state processing temperatures and
with retention of a nanoparticulate morphology. The relatively low crystallization temperature
enables the isolation of the nanoscale perovskite nanoparticles suitable for suspension in alcohol
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solvents. Samples were treated in two different thermal environments depending on the presence
or absence of oxygen (EBTO-Air and EBTO-Argon respectively). X-ray powder diffraction
confirms the perovskite phase, stable up to 1000 °C, while TEM demonstrated the ability to prepare
isolated nanoparticles in the 20-40nm size range. EDS elemental mapping confirmed the presence
of all elements and uniform composition of Eu, Ba, Ti and O. XPS analysis confirms the presence
of Eu3+/Eu2+ in both samples. As a counterpoint, we conjecture and model a complimentary
charge-balanced configuration of Ti3+/Ti4+. The amount of Eu3+/Ti3+ was higher in EBTO-Air
sample, compared to the EBTO-Argon, to account for a charge compensated perovskite.
Eu0.5Ba0.5TiO3 prepared under Air/O2 atmospheres produced a spherical core-shell nanostructure,
with perovskite Eu0.5Ba0.5TiO3 nanocrystal core (~30 nm) - insulating oxide shell-layer (~2-4 nm),
presumed a pre-pyrochlore layer abundant with Eu3+. Fluorescence spectroscopy shows a highintensity 5D0 ® 7F2 transition at 622 nm and strong red fluorescence. The core/shell structure
demonstrated excellent capacitive properties: assembly into dielectric thin films gave low
conductivity (2133 GΩ/mm) and an extremely stable, low loss permittivity of eeff ~25 over a wide
frequency range (tan d < 0.01, 100 kHz - 2 MHz). Eu0.5Ba0.5TiO3 prepared under H2/Argon
produced more irregular shaped nanocrystals (~20 nm), with a thin film permittivity around 4 times
greater but marginally higher loss and much lower dielectric strength (eeff 101, tan d <0.05, 10
KHz-2 MHz, s ~59.54 kΩ/mm). Field-cooled Magnetization values of 0.025 emu/g (EBTO-Air)
and 0.84 emu/g for EBTO-Argon were observed. Magnetic characterization by MPMS (both
hysteresis loops and zero field and field cooling measurements) showed higher magnetization for
the EBTO-Argon samples which has a higher amount of Eu2+ than EBTO-Air sample which mainly
consists of Eu3+ and is related to the higher number of lone pairs in the 4f7 electronic configuration
in the Eu2+. Both samples showed a decrease in magnetization by increasing the temperature.
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Photoluminescence emission from the typical 5D0 excited state to the 7FJ (J=0-4) ground state
levels confirms the presence of Eu3+ in both samples, but much higher in EBTO-Air. The emission
peaks are observed for the 5D0®7F1, 5D0®7F2, 5D0®7F3 and 5D0®7F4 transitions, in good
agreement with previously reported values.
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Chapter 4. Different Stoichiometric Ratio for Europium/Barium in EBTO
Compounds
4.1 Introduction
In Chapter 3 the synthesis and characterization of the europium barium titanate (EuxBa1-xTiO3)
compound with an equal amount of europium and barium (x=0.5) were explained in detail. The
synthesis was based on the gel-collection method, which was used firstly in order to make barium
titanate nanoparticles.30 Since the Eu0.5Ba0.5TiO3 system has been studied vastly among
researchers due to its unique properties, the main framework of this thesis is the equal
stoichiometric ratio of Eu:Ba. However, a series of experiments were engineered to explore the
properties of the material when the ratio of lanthanide to barium is not equal. As a result, two series
of EBTO compounds were synthesized, one with Eu:Ba ratio of 0.25:0.75 and the other with Eu:Ba
ratio of 0.75:0.25. Among all previous characterization techniques, some were selected to check
the structure and properties of the 0.25:0.75 and 0.75:0.25 compounds. XRD was performed to
check

the

crystallinity

of

the

samples,

followed

by

dielectric

properties

and

ferroelectric/ferromagnetic measurements in order to navigate the effect of different Eu:Ba ratios
on the properties of the EBTO compounds.

4.2 Synthesis and characterization of EuxBa1-xTiO3 (x=0.25, 0.75)
1.6 g Eu (0.0105 mol) was dissolved in 40 ml of Ethanol. ¼ of this batch was used for the synthesis
of Eu0.25Ba0.75TiO3 and ¼ was used for Eu0.75Ba0.25TiO3. The half rest was kept in the glovebox
for further synthesis.
10 ml of the europium in ethanol solution was centrifuged for 15 min with 6500 rpm to form a
clear yellow solution. In order to make sample #2.5 (Eu0.25Ba0.75TiO3) calculation was done and
12.5 ml Ba(OEt)2 was added to the solution and stirred for 20 minutes. Then 3.10 ml
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Ti(OCH(CH3)4) was added and the solution immediately turned black and stirred for another 20
minutes. 10 ml solution of 8.75 ml DI water and 2.25 ml Ethanol was available to add to the
solution, but after adding 5 ml of the water/alcohol solution a perfect black gel was formed. The
gel stayed in the glovebox overnight (aging). The next day the gel was divided into two parts, one
for heat treatment in air and the other one for annealing in Ar/H2. The samples were heated to
650°C for 8 hours in both cases. After taking out the sample from the regular furnace, very pale
yellow crystals were formed that turned to almost white powders after grinding.
Likewise, for the synthesis of sample #7.5 (Eu0.75Ba0.25TiO3), 10 ml of the europium in ethanol
solution was centrifuged for 15 min with 6500 rpm to form a clear yellow solution. In order to
make sample #7.5 (Eu0.75Ba0.25TiO3) calculation was done and 1.37 ml Ba(OEt)2 was added to the
solution and stirred for 20 minutes. Then 1.03 ml Ti(OCH(CH3)4) was added and the solution
immediately turned black and stirred for another 20 minutes. 12.5 ml solution of 6.25 ml DI water
and 6.25 ml Ethanol was available to add to the solution, but after adding 1 ml of the water/alcohol
solution a perfect black gel was formed. The gel stayed in the glovebox overnight (aging). The
next day the gel was divided into two parts, one for heat treatment in air and the other one for
annealing in Ar/H2. The samples were heated to 650°C for 8 hours in both cases. After taking out
the sample from the regular furnace, white crystals formed which turned to powders after grinding.

Fig. 36. a and b are Eu0.25Ba0.75TiO3 gels and c and d are Eu0.75Ba0.25TiO3 gels
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4.3 X-ray diffraction of different compounds: Eu/Ba (0.25/0.75 and 0.75/0.25)
The X-ray diffraction was taken for both series of Eu/Ba: 0.25/0.75 and Eu/Ba:0.75/0.25 in air and
in reducing atmosphere (95% Ar/ 5% H2). In the case of Eu0.25Ba0.75TiO3 compound, the XRD
shows crystallinity with a perovskite structure both in air and in Ar/H2 environment. The XRD
spectrum (shown in Fig. 37) is very similar to the 50%-50% Eu:Ba compound explained in
Chapter 3.

Fig. 37. XRD of EBTO (Eu/Ba: 0.25/0.75) samples in Ar/H2 and air

However, in the sample with more amount of europium (Eu/Ba:0.75:0.25), the XRD pattern
(shown in Fig. 38) indicates that although the compound in Ar/H2 is still crystal and having a
perovskite structure, the amount of impurity has been increased (the shoulder around 30 degrees)
which can be attributed to some europium carbonate or europium oxides impurity formed. For the
Eu0.75Ba0.25TiO3 sample in air, however, no evidence of crystallinity is observed, and the
compound seems to be amorphous.
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Fig. 38. XRD of EBTO (Eu/Ba: 0.75/0.25) samples in Ar/H2 and air

4.3.1

Peak position and lattice constant comparison in different stoichiometries of Eu:Ba

The lattice constants are almost identical for both samples of Eu/Ba:0.25/0.75 in Ar/H2 and air
(3.972Å and 3.975 Å respectively). This value is very similar to the lattice parameter of the
Eu0.5Ba0.5TiO3 compound (~3.98 Å). The lattice constant for the Ar/H2 sample of Eu/Ba: 0.75/0.25
is 3.94 Å. When compared to the lattice parameter of Eu0.5Ba0.5TiO3 compound (~3.98 Å), the
smaller value can be attributed to a higher amount of europium ion (0.75>0.5>0.25) and can be
referred to the smaller ionic radii of europium ion than barium ion. This is also in agreement with
the shift of the XRD pattern slightly to the right side and indicates the smaller lattice parameter
(Fig. 39). Table 5 also shows the exact values of the peak positions related to Fig. 39.
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Fig. 39. Comparison of peak positions and lattice parameters in EBTO samples with different Eu:Ba ratio
Table 5. Peak values in EBTO samples with different Eu:Ba ratio (a in air and b in Ar/H2)
(a) EBTO-Air
Pos.[°2Th.]
22.4918
31.8527
39.155
45.6374
51.2726
56.5958
66.2344

Pos.[°2Th.]
22.2732
31.6584
39.0709
45.4331
51.1619
56.476
66.2219

(b) EBTO-Argon
Pos.[°2Th.]

N/A

Pos.[°2Th.]
22.4576
31.8757
39.3384
45.6338
51.3245
56.5155
66.3726

Pos.[°2Th.]
22.37
31.8356
39.2247
45.6153
51.3919
56.7002
66.5999

Pos.[°2Th.]
22.6031
32.0622
39.5531
45.9139
51.8028
57.1904
66.9828

4.4 LCR dielectric measurements of EBTO samples (Eu/Ba :0.25/0.75 and 0.75:0.25)
Impedance analysis was performed on the EBTO (Eu/Ba:0.25/0.75 and 0.75/0.25) samples (Air
and Argon) using an LCR meter (Inductance-Capacitance-Resistance meter) with the main goal of
measuring

frequency-dependent

permittivity.

It

was

shown

in

Chapter

3

that

impedance/capacitance measurement of nanoscale samples is highly dependent on the specific
processing conditions of the film under measurement. Here the effect of element ratios has been
investigated on the dielectric properties (effective permittivity and dissipation loss) of the samples.
Pressed pellet capacitors of each compound (Eu0.25Ba0.75TiO3 and Eu0.75Ba0.25TiO3, each made in
both air and Ar/H2) were prepared using a Cyky 12T Laboratory manual powder metallurgy press
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machine to provide pressed and thin round disks. The pellets were prepared as simple parallel plate
capacitors using silver conductive epoxy (MG chemicals) as contacts and were kept in the furnace
at 60°C overnight. LCR measurements were performed on the samples to obtain the frequencydependent effective permittivity, eeff, and dissipation loss (tan δ). Measurements were performed
over the frequency range of 100 Hz to 2 MHz using an Agilent E4980A Precision LCR Meter. The
frequency-dependent behaviors of the effective permittivity, eeff, and dissipation loss (tan δ) for
Eu0.25Ba0.75TiO3 samples both in air and in Ar/H2 are shown in Fig. 40. For Eu0.25Ba0.75TiO3 in
air, the effective dielectric constant at low frequencies is ~37 decreasing steadily to ~35 (2 MHz)
and the dissipation loss is in the range of 0.015 and decreasing to a much lower value of ~0.002.
For the Eu0.25Ba0.75TiO3 in Ar/H2, the effective permittivity at low frequencies is ~45 decreasing
fairly steadily to ~32 (2 MHz) and the dissipation loss is in the range of 0.2 and decreasing to
~0.05 in the higher frequency range. Overall, the Eu0.25Ba0.75TiO3 in the air has more stable
effective permittivity and lower dissipation loss compared to the Eu0.25Ba0.75TiO3 Ar/H2 sample.
When compared to the result of the 50%-50% sample (Eu0.5Ba0.5TiO3) discussed in Chapter 3, it
can be concluded that the increase of barium content has increased the effective permittivity and
decreased the dissipation loss in the air sample, and has decreased the effective permittivity and
increased the dissipation loss in the Argon sample.
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Fig. 40. Dissipation and effective permittivity measurements for EBTO (Eu/Ba:0.25/0.75) compounds in air
and Ar/H2

Similarly, the frequency-dependent behaviors of the effective permittivity, eeff, and dissipation loss
(tan δ) for Eu0.75Ba0.25TiO3 samples both in air and in Ar/H2 are shown in Fig.

41. For

Eu0.75Ba0.25TiO3 in air, the effective dielectric constant at low frequencies is ~12 decreasing
steadily to ~11 (2 MHz) and the dissipation loss is in the range of 0.02 and decreasing to a much
lower value of ~0.001. For the Eu0.75Ba0.25TiO3 sample in Ar/H2, the effective permittivity at low
frequencies is ~20 decreasing fairly steadily to ~15 (2 MHz) and the dissipation loss is in the range
of ~0.042 and increasing to ~0.05 in the higher frequency range. Overall, the Eu0.75Ba0.25TiO3 in
air has more stable effective permittivity and lower dissipation loss compared to the
Eu0.75Ba0.25TiO3 Ar/H2 sample. When compared to the result of the 50%-50% sample
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(Eu0.5Ba0.5TiO3) discussed in Chapter 3, it can be concluded that the increase of europium content
has decreased the effective permittivity and decreased the dissipation loss in the air sample, and
has decreased the effective permittivity and increased the dissipation loss in the Argon sample.

Fig. 41. Dissipation loss (green) and effective permittivity (blue) for EBTO (Eu/Ba:0.75/0.25) compounds in
air and Ar/H2

Both Eu0.25Ba0.75TiO3 and Eu0.75Ba0.25TiO3 samples in air behave in a similar trend to
Eu0.5Ba0.5TiO3 air sample, in a way that all of them perform very well as a stable dielectric with
relatively high effective permittivity in pellet form (35,12,25 respectively). The frequency
dependence of tan δ of air samples of Eu0.25Ba0.75TiO3, Eu0.75Ba0.25TiO3, Eu0.5Ba0.5TiO3 is in the
range of 0.01, 0.02 and 0.03 respectively which are all quite typical of film pellets processed
nanoscale complex oxides where low-frequency loss can be attributed to void space in the samples.
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In the case of argon samples, Eu0.5Ba0.5TiO3 has the highest effective permittivity of about 100
which decreases by increasing or decreasing europium content (Eu0.75Ba0.25TiO3 and
Eu0.25Ba0.75TiO3) to 15 and 32 respectively. As a conclusion, the highest effective permittivity of
all the Eu/Ba ratios in argon samples is Eu0.5Ba0.5TiO3 and in air samples is Eu0.25Ba0.75TiO3.

4.5 Magnetic measurements for EBTO samples (Eu/Ba :0.25/0.75 and 0.75:0.25)
The magnetic properties of the EBTO (Eu0.75Ba0.25TiO3 and Eu0.25Ba0.75TiO3) samples were
analyzed in order to determine the presence, extent, and type of magnetization. Magnetic
measurements were performed using a Quantum Design Magnetic Property Measurement System
(MPMS) at the Center for Nanophase Materials Science (CNMS) at Oak Ridge National
Laboratory in Tennessee. The field cooled (FC) and zero field cooled (ZFC) measurements were
carried out on EBTO samples between the temperature range of 5-300 K. For the ZFC
measurement, the samples were cooled to 5 K in the absence of an external magnetic field. Once
at 5 K, an external magnetic field of 2000 Oe was applied, and the magnetization was measured
during the slow warming process to 300 K. For the FC measurement, the samples were cooled
down to 5 K in the presence of a 2000 Oe magnetic field and the magnetization was measured
during cooling under the same field. Magnetic hysteresis measurements were taken with a
maximum sweeping magnetic field of 40000 Oe on the same instrument at 5 K by varying the
magnetic field from -40000 Oe to 40000 Oe and measuring the magnetization. The M-H curve
obtained at 5 K and 0-40000 Oe (Fig. 42 a and b) compares magnetization of the three different
stoichiometry of EBTO samples (EuxBa1-xTiO3, x=0.25, 0.5, 0.75, 1) and indicates that neither of
the samples reaches full magnetic saturation at this magnetic field strength. Zero-field cooled
(ZFC) and field cooled (FC) magnetization curves (M–T) were obtained at a magnetic field of
2000 Oe, and are displayed in Fig. 42 c and d. The highest values of magnetization observed in
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the FC measurement in argon samples were ~35 emu/g for the 100% europium (EuTiO3) and
decreases by decreasing the europium content in the Eu0.75Ba0.25TiO3, Eu0.5Ba0.5TiO3,
Eu0.25Ba0.75TiO3 samples respectively. As the temperature increases, the magnetization in all the
samples decreases as a result of the randomization of the magnetic orderings within the
nanoparticles due to the thermal energy. The M-H curve for EBTO argon samples also follows the
same trend; showing the highest magnetization for EuTiO3 and decreases with a decrease of
europium content in Eu0.75Ba0.25TiO3, Eu0.5Ba0.5TiO3, Eu0.25Ba0.75TiO3 to 15, 7 and 5 emu/g
respectively.
For the EBTO air samples, the magnetization is decreasing by increasing the temperature, and it
is also proportional to the amount of europium content; the highest magnetization of ~0.028 emu/g
for the Eu0.75Ba0.25TiO3 and decreasing to 0.025 and 0.01 for Eu0.5Ba0.5TiO3 and Eu0.25Ba0.75TiO3
respectively. The M-H curve also is in good agreement with the previous findings; the highest
magnetization is ~0.5 emu/g for Eu0.75Ba0.25TiO3 and decreases to 0.35 and 0.08 emu/g for
Eu0.5Ba0.5TiO3 and Eu0.25Ba0.75TiO3 respectively. The overall comparison of the two series of argon
and air samples shows that all the argon samples have much higher magnetization compared to the
air samples (even excluding the europium content), which is relating to the proportional increase
of magnetization to the increasing number of electrons. This can be interpreted that EBTO-Argon
sample has more unpaired electron spins, due to the reducing environment maintaining more Eu2+,
[Xe]4f7, compared to the EBTO-Air sample having fewer electrons, having been subjected to more
oxidizing conditions (and therefore a higher presence of Eu3+, [Xe]4f6.
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Fig. 42. Magnetic properties measurements of different stoichiometric ratios of Eu/Ba in EBTO samples in air
(a and c) and in Ar/H2 (b and d)

4.6 Conclusion
The EuxBa1-xTiO3 samples with x=0.25 and x=0.75 were prepared with the same procedure for the
synthesis of the previously successfully made Eu0.5Ba0.5TiO3 nanoparticles. The crystallinity
showed similar behavior maintaining perovskite structure for all the argon samples and
Eu0.25Ba0.75TiO3 in air. For the dielectric LCR measurements, the air samples with the least
europium content (x=0.25) showed to have the highest effective permittivity among all air samples.
In the argon series, the Eu0.5Ba0.5TiO3 sample managed to have the highest effective permittivity
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of around 100. The trends in the magnetization properties (M-H and M-T measurements) were
very similar. In both series (argon and air samples) the magnetization decreased by increasing the
temperature due to the increase of randomization of thermal energy. The magnetization increased
by increasing the magnetic field and showed to have a direct proportion to the number of electrons
(Eu2+ for having seven unpaired electrons [Xe]4f7) in both series (air and argon).
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Chapter 5. Applications in Nanocomposite Fabrication and Photocatalysis
Activity
5.1 Nanocomposites of BTO/PVDF-TrFE
5.1.1

Introduction

In crystalline solids, piezoelectricity is a property that means by applying mechanical stress to a
material, an electrical charge will produce in it. This effect is reversible which means by applying
an external electric field, physical distortion will occur within the same material. Piezoelectricity
generally refers to the proportional electric polarization in response to a strain caused by stress
applied to the material. The piezoelectric effect was discovered for the first time by Pierre and
Jacques Curie in 1880.158 Piezoelectric materials generally have a wide range of applications.
Ceramic and polymer piezoelectric materials, in particular, have distinct uses, due to their various
material properties. Their applications include but are not limited to energy harvesting, biomedical
devices and flexible electronics.159 Ceramics have a much higher piezoelectric coefficient and
polymers are flexible and transparent. Therefore, composite materials of ceramic nanoparticles
and polymers can take advantage of the unique properties of both materials.93,160 For example, it
has been shown that adding barium titanate (BTO) nanoparticles to polyvinylidene difluoridetrifluoroethylene (PVDF-TrFE) can improve the overall piezoelectric effect while the overall film
remains flexible and transparent.161

Poly(vinylideneflouride), PVDF and its copolymers are a

group of polymers with high dielectric constant and electroactive response including piezoelectric,
pyroelectric and ferroelectric effects.162 Their electroactive properties are interesting due to a wide
range of applications such as biomedicine, energy generation and storage, development of sensors
and actuators.162 Since the polymer should be in one of its electroactive phases in order to meet
the criteria for these applications, it is crucial to understand and develop the main characteristics
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of the electroactive phase in PVDF and copolymers. In order to address this, we need to be able to
study the different processing strategies and to identify the phase formation, followed by
quantification of the phase content. Moreover, novel effects can be obtained by the fabrication of
nanocomposites, in which specific nanoparticles can be doped in the polymer matrix and the result
is more advanced properties such as magnetoelectric response which opens a door to a whole new
series of applications and technological advances. In recent years, studies have been conducted on
BTO/PVDF-TrFE nanocomposites with concentrations of 1-50 wt% BTO to PVDF-TrFE with
various nanoparticle diameters to either increase the piezoelectric or ferroelectric character of the
film.161,163,164,165 PVDF is a semi-crystalline polymer with a complex structure that present five
distinct crystalline phases related to different chain conformations. All trans (TTT) planar zigzag
for β-phase, TGTG´(trans-gauche-trans-gauche) for α and δ and T3GT3G´ for γ and ε phases.
Among these five phases, the most investigated and used in applications are α, β and γ-phases.162
Fig. 43 shows the schematic chain conformation for these three phases of PVDF.

Fig. 43. Schematic representation of the chain conformation for α, β and γ phases of PVDF162

As stated earlier, one of the widest applications of PVDF is their use in sensors and actuators,
which are related to the strong electrical dipole moment of the PVDF monomer unit (5-8*10-30 C
m). This noticeable value originates from the high electronegativity of fluorine atoms compared
to the electronegativity of hydrogen and carbon atoms.162,166 This leads to a formation of a dipole
moment perpendicular to the polymer chain. The monomer units and therefore the dipolar
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moments are then packed in a morphology that can demonstrate an overall dipolar contribution.
Among all of the five phases present in PVDF, β, γ and δ phases are polar where the β-phase has
the highest dipolar moment per unit cell (8*10-30 C m) and the α and ε are non-polar phases due to
the antiparallel packing of the dipoles within the unit cell.162 The aim of this project is to identify
the presence of the β-phase and investigate the synthesis parameters to obtain higher electroactive
properties, mostly ferroelectric and piezeoelectric effects. The research plan can be fulfilled by
engineering the synthesis process and investigation of optimum conditions in order to make better
composite materials for potential applications.
In this work, which is performed in collaboration with Christine McGinn, a Ph.D. student at Prof.
Ioaniss Kymissis research group at the Electrical Engineering Department of Columbia University,
the nanocomposites are made with the smallest diameter BTO-family nanoparticles in recent
literature (approximately 12 nm) to prevent disruption of the crystallinity of β-phase PVDF-TrFE.
Since β-phase has the best piezoelectric, pyroelectric and ferroelectric properties, there have been
many attempts to process and gain this phase, such as mechanical stretching of the α-phase166,
melting under high pressure167,168, external electric fields169–172, the addition of BaTiO3 as fillers173
and development of PVDF copolymers174. Here, we propose a method that combines two of these
common processes. We introduce the barium titanate nanoparticles as filler into a copolymer
(PVDF-TrFE) and engineer a series of experiments to figure out the effects that lead to higher
electroactive properties in the proposed material. The resulting films are investigated for their
properties such as piezoelectricity and ferroelectricity. My role on this project was to synthesize
barium titanate and europium barium titanate nanoparticles, characterization of the
nanocomposites, including XRD, ferroelectric tester and impedance measurements. Christine
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McGinn did the sample preparation, piezoelectric d33 measurements and made some of the graphs
using python.
5.1.2

Sample preparation

PVDF-TrFE was purchased from PiezoTech and was mixed with 20 nm diameter synthesized
barium titanate nanoparticles which are obtained from the gel-collection method previously
reported in concentrations of 1,2,3,4,5,10,20,30,40, 50 wt%.175,93 Dimethyl formamide (DMF) was
then added to the powder mixture to create a 25 wt% solution of PVDF-TrFE to DMF. Then the
mixture was stirred on a hot plate at 30º C using a magnetic stirrer bar for the first 15 minutes
before turning off the heat and stirring for 6-24 hours until a homogeneous mixture appears. Then
the mixture was spin-coated ontoa glass slide with an evaporated aluminum electrode at 1500 rpm
for 60s. After spinning, the sample was cured on a hotplate at 90º C for 15 minutes, and then
annealed in an oven at 135º C for one hour to encourage the formation of the β phase.
5.1.3

Characterization

-

X-ray Diffraction:

The structural characterization and the crystallinity of the nanocomposites were measured by XRD
and was performed on a PANalytical X’ Pert Pro using Cu Kα radiation. The primary peak is at
approximately 20 degrees, which corresponds to β phase in PVDF-TrFE and is known to be the
most electroactive phase.162 There seems to be no discernible pattern in peak magnitude between
samples with different BTO concentration. The peak position for the nanocomposite materials
changes from pure PVDF-TrFE by less than 0.3 degrees. This indicates that minimal disruption of
the β phase of PVDF-TrFE is occurring, which was predicted due to the small particle size of BTO
(12 nm diameter).
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Generally, α, β and γ-phase have an intense peak around 20°, but only α and γ show other peaks
close to 18°, which makes them distinguishable from the β-phase.176 Using the same protocol ten
samples have been prepared with different BTO content (1,2,3,4,5,10,20,30,40,50 wt%) and their
structural and electrical properties have been investigated. Fig. 44 shows the XRD of all the
samples and it can be concluded that the β-phase is formed in all of them. The XRD shows the
well-defined peak around 20° which confirms the formation of β-phase. α-phase presents peaks at
around 17.66°,18.30°, 19.90° and 26.56° relative to diffractions of (1 0 0), (0 2 0), (1 1 0) and (0
2 1) planes respectively.176,177 Moreover, γ-phase presents a superposition of peaks at 18.5° and
19.2° associated to planes (0 2 0) and (0 0 2) with a more intense peak at 20.04° corresponding to
(1 1 0) plane. Based on the spectrum in Fig. 44 we cannot confirm if there is not any γ-phase
formed. However, since the absence of the 26.8° is obvious (the same peak seen in α-phase), we
can be relatively confident that all the peaks in the range of 16-28° are contributed to a pure βphase which is a confirmation of piezoelectricity.

Fig. 44. XRD of samples with different BTO content used for distinguishing the α, β and γ phases(left),
zoomed-in graph(right)
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-

Ferroelectric Tester:

The ferroelectric properties of the nanocomposite samples were tested with a Radiant ferroelectric
material tester. Hysteresis loops were collected at 4 Hz with a maximum voltage of 400 V. Fig.
45 presents the hysteresis curves based on the ferroelectric tester results. These two set of data
show that all the samples are strongly ferroelectric and definitely in the β-phase of the PVDFTrFE. We can also predict a decent piezoelectric response from them too. Although the XRD data
shows an overall trend of decreasing crystallinity with the increase of BTO content, the β-phase
peak position stays pretty stable. All samples remain strongly ferroelectric, however, two separate
domains of ferroelectric behavior emerge. In the composites with lower than 20 wt% BTO
concentration, there is very little variation in maximum polarization. In the samples with more
than 20 wt% BTO concentration, the polarization decreases rapidly.

Fig. 45. Hysteresis curves for all the nanocomposites with different BTO wt% (collected by ferroelectric
tester)
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-

Dielectric properties:

The dielectric constants of the nanocomposites were measured from 10 Hz to 2 MHz using an
Agilent E4980A Precision LCR Meter. Fig. 46 indicates the capacitance and dissipation loss of
the samples. The sample with 40 wt% BTO concentration has a higher capacitance which rapidly
drops in higher frequencies, it also shows higher dissipation loss compared to other samples. This
can may be due to its high roughness. Generally, the loss increases with BTO concentration. The
20 wt% BTO/PVDF-TrFE sample has the highest dielectric constant and lowest loss, even when
compared to pure PVDF-TrFE.

Fig. 46. Capacitance and dissipation loss of nanocomposites with different BTO content

-

Piezoelectricity measurements by laser vibrometer:

A laser vibrometer was used to measure the piezoelectric response. The measurements were done
in Prof. Elizabeth Olson’s lab in the Biomedical Engineering Department of Columbia University.
The final d33 values which correspond to the piezoelectricity was recorded and are shown in Fig.
47. showed that in the samples below 10 wt% BTO, there is little change in piezoelectric effect.
The overall piezoelectric coefficient decreases with increasing BTO concentration which can be
understood based on the fact that more BTO content means less piezoelectric PVDF-TrFE.

91

Fig. 47. d33 values for nanocomposites with different BTO content

5.1.4

Conclusion

BTO/PVDF-TrFE nanocomposites were prepared by mixing and spin-coating technics.
Throughout the measurements, two regimes appeared: above and below 20 wt% BTO. All the
nanocomposites having the small-sized diameter of BTO (12 nm) showed little disruption to the
crystalline structure, especially the ones with a lower concentration of BTO. Added piezoelectric
and ferroelectric effect from BTO does not compensate for the disruption of ferroelectric properties
of PVDF-TrFE. Roughness affects the final characteristics of the films to the most extend.

5.2 Nanocomposites of EBTO/PVDF-TrFE
EBTO nanocomposites were fabricated in order to test ferroelectric and piezoelectric behavior.
The nanofiller was EBTO nanocrystals (50% Ba and 50% Eu) and the polymer used was PVDFTrFE (polyvinylidene fluoride-trifluoroethylene). We previously engineered a series of
experiments to explore barium titanate BTO/PVDF-TrFE nanocomposites. These nanocomposites
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demonstrated ferroelectricity and piezoelectricity behavior, as a result, we were motivated to
fabricate more exotic nanocomposites of Europium doped barium titanate PVDF-TrFE to navigate
the characteristics and properties of these compounds.
5.2.1

Motivation

Since our previous experiments worked well in the nanocomposite with 20 wt% of BTO to the
polymer, we followed the same procedure in the case of EBTO. After following the previous
mixing procedure, the composites were characterized with X-Ray Diffraction, ferroelectric tester
and

impedance

analyzer

to

measure

crystallinity,

hysteresis

and

dielectric

constant/capacitance/loss respectively.
5.2.2

Sample preparation

EBTO nanopowder was mixed with Dimethylformamide (DMF) and sonicated for 30 minutes.
PVDF-TrFE was added and stirred at 30º C for 15 minutes on a hotplate. The mixture was mixed
overnight at room temperature to give a homogenous solution. After mixing, the mixture was spincoated at 1500 rpm on a glass slide and cured at 90º C for 10 minutes, followed by an hour in an
oven at 135º C. Silver epoxy was added to the surface of the sample for LCR/ferroelectric testing.
Fig. 48.

Fig. 48. PVDF-TrFE/EBTO nanocomposite sample
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5.2.3

Characterization

-

X-Ray Diffraction:

The structural characterization and the crystallinity of the nanocomposites were measured by XRD
and were performed on a PANalytical X’ Pert Pro using Cu Kα radiation. The primary peak is at
approximately 20 degrees, which corresponds to β phase in PVDF-TrFE.162 The β-phase peak of
PVDF-TrFE and EBTO/PVDF-TrFE are shown in Fig. 49. The presence of β-phase peak in the
EBTO/PVDF-TrFE nanocomposite shows that the addition of EBTO nanoparticles has not
eliminated the ferroelectric properties of PVDF-TrFE.

Fig. 49. β-phase peak of pure PVDF-TrFE (left) and EBTO/PVDF-TrFE (right)

-

Ferroelectric Tester:

The ferroelectric properties of the nanocomposite samples were tested with a Radiant ferroelectric
material tester. Hysteresis loops were collected at different voltages for pure PVDF-TrFE and
EBTO/PVDF-TrFE and are shown in Fig. 50. All samples remain strongly ferroelectric, however,
a little decrease in ferroelectricity is seen in the EBTO/PVDF-TrFE nanocomposites that can be
concluded that any concentration of particles (EBTO in this case) will act as an impurity and lead
to a decrease in ferroelectricity behavior of the pure prototypical ferroelectric property of PVDFTrFE.
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Fig. 50. Hysteresis curves for pure PVDF-TrFE (left) and EBTO/PVDF-TrFE (right) measured in different
voltages

-

Dielectric properties:

The dielectric constants of the nanocomposites were measured from 10 Hz to 2 MHz using an
Agilent E4980A Precision LCR Meter. Fig. 51 compares the real and imaginary effective
permittivities of pure PVDF-TrFE (a and b) and EBTO/PVDF-TrFE nanocomposites (c and d).
The real permittivity (εr, which is an indication of the degree of polarization) for pure PVDF-TrFE
(a) starts at higher values but drops drastically with increasing frequency, however, in the case of
EBTO/PVDF-TrFE the real permittivity (c) starts with a little lower value and drops at the much
higher frequency. Part b and c indicate the imaginary permittivity (εi, which is associated with
dielectric loss) for pure PVDF-TrFE and EBTO/PVDF-TrFE respectively. The loss measurements
indicate that the EBTO/PVDF-TrFE nanocomposites have lower maximum loss (d) compared to
the pure PVDF-TrFE samples (b).
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Fig. 51. Real and imaginary permittivity measurements for pure PVDF-TrFE (a and b) and for EBTO/PVDFTrFE nanocomposites (c and d)

-

Piezoelectricity measurements by laser vibrometer:

A laser vibrometer was used to measure the piezoelectric response. The measurements were done
in Prof. Elizabeth Olson’s lab in the Biomedical Engineering Department of Columbia University.
The movements were measured for various frequencies (100 Hz-100 KHz) and several spots on
the surface were measured to minimize the error. The thickness change was divided by the applied
voltage to get the d33 values. The final d33 values which correspond to the piezoelectricity was
recorded and are shown in Table 6. Like the BTO nanocomposites, the overall piezoelectric
coefficient decreases in PVDF-TrFE/EBTO nanocomposites, compared to pure PVDF-TrFE
samples, but they were all still reasonably piezoelectric.
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Table 6. d33 values for pure PVDF-TrFE and PVDF-TrFE/EBTO nanocomposites in 1, 6, 9 volts

Sample

Voltage (V)

d33 (pC/N)

Reference
Pure PVDF-TrFE
Pure PVDF-TrFE
Pure PVDF-TrFE
PVDF-TrFE/EBTO #1
PVDF-TrFE/EBTO #1
PVDF-TrFE/EBTO #1
PVDF-TrFE/EBTO #2
PVDF-TrFE/EBTO #2
PVDF-TrFE/EBTO #2

9
9
6
1
9
6
1
9
6
1

0.209
37.498
39.429
29.360
23.189
23.411
28.635
16.855
18.0134
15.061

5.2.4

Conclusion

Nanocomposites with PVDF-TrFE and EBTO are mixed and spin-coated on glass slides and
annealed at high temperatures. The nanocomposites are piezoelectric, however, there is loss shown
in ferroelectric measurements and lower dielectric constant in PVDF-TrFE/EBTO samples that
may be the consequence of significant clumping compared to the previously explained BTO
samples. More analysis was expected to be done, but unfortunately, due to pandemic limitations,
this project could not proceed further.
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5.3 EBTO as a Photocatalyst for Detoxification of Chloro-Dialkyl Sulfide (CEES)
5.3.1

Introduction

A range of complex metal oxide perovskites has been explored for applications in modern
electronics, energy storage/conversion, sensing, multiferroic/magnetoelectrics and photocatalysis
or electrocatalysis 178–182. This exploration was governed by the feasibility to design and synthesize
a variety of materials with specific properties by combining different cations in their structure.
Nanoparticles of the prototypical perovskite barium titanate (BaTiO3, BTO-NPs) are known to
exhibit a high (photo)catalytic capability to adsorb/decompose organic pollutants

137,183,184

. In

addition, europium titanate (EuTiO3) and europium barium titanate (Ba, Eu)TiO3 have been
researched extensively for their multiferroic properties, and optical luminescence 2,3,59.
Modern strategies towards the synthesis of novel perovskite-based nanomaterials include
advancing a mixed oxide nanoparticles approach. The B site metal ion is predominately
responsible for the (photo)catalytic activity of perovskites. This is not unsurprising, since the Bsite is typically the site for multivalent transition metal or lanthanide cations with partially filled
d-orbitals that dominate an electronic structure and properties, including either metal/insulating,
band gap and Fermi level, Mott vs. charge-transfer insulator behaviors, or magnetic spin ordering
101

. The A site tends to be occupied by closed-shell configurations of main group elements, such

as Ca2+, Ba2+ or Y3+. As a result, photoreactivity is normally modified by changing the B site metal
ion or by doping different elements/cations 181. Due to the high Goldschmidt tolerance factor(t) of
the perovskite structure (1.06 for BaTiO3 and around 0.98 for EBTO, see Appendix)59, the
preparation of mixed-metal perovskites is possible due to the flexible composition/structure based
on large-in-size rare earth or alkaline earth metals at the A site and transition metals at the B site.
Hence, crucial properties of perovskites for photocatalytic applications like a band gap and visible
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light harvesting can be further custom designed using a particular materials synthetic protocol.
Additionally, at the nanoscale, the tuning of specific physicochemical features, related to
nanoparticles’ morphology and size as well as the surface area and surface chemistry, can be
achieved by the appropriate selection of a synthetic techniques available, such as hydrothermal,
combustion, microwave-assisted methodologies, or gel-collection. Thus, a high-interest research
goal is to obtain nanoparticles of mixed-oxides perovskite, since they can have a large surface to
volume ratio and a high concentration of undercoordinated surface sites that can act as catalytic
sites when compared to a corresponding bulk material 185.
Europium barium titanate (EBTO) perovskites are multiferroic in the bulk and are interesting as
nanomaterials based upon the prospect of polarizability, f-orbital magnetism and tunable
optical/radio luminescence

59

. EBTO presents an interesting case in terms of multivalency and

occupancy, which further sparks interest for its use in catalysis. Since the radii of the Eu2+/Eu3+
ions are firmly in-between the radius of the Ba2+ and Ti4+, Eu could geometrically occupy either
the A site or B site

53,186

. Eu2+ is generally thought to occupy the A site, while some reports

suggested that Eu3+ can occupy both 97,99. It is important to acknowledge that a simple model of
classical oxidation states (e.g. A2+, B4+) does not apply well to this multivalent system, since the
presence of Eu(II) and Eu(III) simultaneously is possible, and Ti may also comprise a combination
of Ti(III) and Ti(IV) 100,102. Therefore, proposing a simple ionic model for recognizing this system
does not describe it in the best term. As a result, it may be more accurate to treat the EuxBayTizO3
system as an orbitally mixed compound, and not an ionic ceramic, especially when attempting to
determine the origin of its catalytic activity.
Even though some bulk synthesis methods of EBTO have been investigated, the synthesis,
characterization, and photocatalytic activity evaluation of EBTO nanoparticles remain largely
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unexplored. Previously reported synthetic procedures for europium barium titanate, generally
include ceramic solid-state reactions 25,26,87,88,187, a hydrothermal 188, vapor diffusion 189, PLD 75
and high-temperature mechanochemical activation 24. Another method, useful for the synthesis of
complex metal oxide nanoparticles relies on a modified sol-gel approach, at near room
temperatures or with relatively low-temperature calcination steps 81,82. We applied this synthesis
approach to the preparation of EBTO, requiring the reaction of (Ba(OCH2CH3)2/Eu(OCH2CH3)2
and (Ti{(OCH(CH3)2}4) in anhydrous ethanol that results in a preliminary gel formation and
ultimate crystallization of europium barium titanate nanoparticles

190

. By lowering the synthesis

temperature and providing variable redox conditions, we were able to exert some control over a
phase and oxidation state to produce two distinct forms of EBTO, which are tested for their
detoxification capabilities.
One of the horrible outcomes of the first World War was the militarization of chemistry through
the development and deployment of Chemical Warfare Agents (CWAs)

191–193

. Chlorine,

phosgene, diphosgene and various tear gases were deployed in the battlefields solely as vapors or
in a mixture with other gaseous compounds or utilized in weapons (grenades, bombs, missiles) 191.
Mustard gas, a blister agent with the chemical formula Cl-CH2CH2SCH2CH2-Cl (also referred to
as HD), was first used by the German Army in 1914 at the battle of Ypres

194

. It is sometimes

addressed as “King of war gases” due to its ability to penetrate through soldiers’ uniforms,
rendering the protection of gas masks insufficient. Thus, modern warfighter protection also
involves nanoengineered modified textiles incorporated into garments. We have shown previously
that BaTiO3 nanoparticles (BTO-NPs) exhibit an elevated detoxification capability against vapors
of the mustard gas surrogate 2-chloroethyl ethyl sulfide (CEES)

137

. Going a step further, their

deposition on porous activated carbon textiles (PACTs) led to a hydrophobic material of high
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protection level against CEES vapors 195. The toxic compounds were not only strongly adsorbed
on the surface but also underwent (photo)catalytical decomposition to less- or non-toxic
compounds 195.
The objective of this work is to evaluate the effect of an Eu incorporation into the barium titanate
nanoperovskites, and the capability of this novel nanomaterial to detoxify vapors of mustard gas
surrogates. The EBTO nanoparticles were prepared using gel-collection method and were heattreated in two different conditions, one in the presence of oxygen (oxidizing atmosphere) and the
other in the absence of oxygen (reducing atmosphere, 95% Ar/5% H2). We have especially focused
on determining which physicochemical properties of the synthesized materials play a key role in
the (photo)catalytic detoxification efficiency and on proposing the involved detoxification
pathways/mechanisms under various light irradiation conditions. This work was done in
collaboration with Dimitrios A. Giannakoudakis (former Ph.D. student in Prof. Teresa Bandosz
Research Group in City College of New York). My role in this project was the gel-collection
synthesis of the two EBTO oxidized and EBTO reduced nanoparticles (EBTO-o and EBTO-r
respectively). I also did the weight uptake measurements and analysis, characterization of the
EBTO samples prior to and after their exposure to the chemical warfare agent (CEES). The
characterization includes XRD, TEM, EDS, XPS, UV-Vis, FTIR and TGA (thermal gravimetric
analysis) measurements.
5.3.2
-

Experimental part
Materials and Reagents:

The following reagents/chemicals were used as received: acetonitrile (of high-performance liquid
chromatography grade), 2-chloroethyl ethyl sulfide (CEES) of purity above 97% (TCI). Barium
and europium metal pieces were purchased from Alfa Aesar. Pure ethanol (200 proof) was
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purchased from Decon Laboratories, Inc. and Titanium isopropoxide (Ti{(OCH(CH3)2}4) from
Sigma-Aldrich.
-

Synthesis of EBTO nanoparticles:

This has been explained in detail in Chapter 3.
-

(Photo) detoxification evaluation:

The adsorptive and photocatalytic detoxification efficiencies of the materials against vapors of 2chloroethylethyl sulfide (CEES, CH3CH2SCH2CH2Cl), a surrogate of the Chemical Warfare Agent
mustard gas (ClCH2CH2SCH2CH2Cl), were tested using a previously designed Vials-in-Vial
closed vapor adsorption system (ViV)

137,196

. A schematic illustration of the entire setup is

presented in Fig. 52. (Fig. created by Dimitrios A. Giannakoudakis)

Fig. 52. Schematic illustration of the Vials-in-Vial closed vapor adsorption system (ViV).

The samples in the ViV systems were exposed to CEES for 1, 6 or 7 days, in the dark, or under
light irradiation. Either ambient/visible light (Vis) or ultraviolent (UV) irradiation was used. Then,
headspace gases were analyzed using gas chromatography-mass spectrometry (GC-MS)
(QP5050A, Shimadzu). Upon opening of the vials, the weight uptakes (WUs) were measured and
are expressed as milligrams of weight increase/uptake per gram of the powder (mg/g). The
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extraction of the species deposited on the surface of the exposed materials was performed with
acetonitrile and the solutions were analyzed by GC-MS. More details regarding the separation
protocol/program can be found here.137,197–200 All tests were performed at least in triplicates and
the deviations of the WUs were found to be less than ± 6%.
The tests under ambient/visible light were performed using an array of LEDs (Cooper lighting,
nominal lumens of 750 lm per lineal foot, 350-800 nm).137 The tests under ultraviolet (UV) light
were performed using a LED light source providing UV light irradiation with l=365 nm and 450
mW power (Omikron laserage, LEDMODx.450.V2, Rodgau, Germany).201,202
5.3.3
-

Results and discussion
Weight uptakes in light/dark:

As previously reported, barium titanate nanoparticles (BTO-NPs) exhibited a very promising level
of photo-assisted detoxification activity against CEES vapors

137,195

. By increasing/tuning the

chemical heterogeneity by Eu doping to the perovskite matrix and thus by changing
physicochemical features of the resulting mixed oxide perovskite nanoparticles and formation of
new catalytic sites, we expected to enhance/alter the detoxification performance. The tests on
europium barium titanate nanomaterials were performed either in the dark, to study the adsorption
capability and its strength (assuming that the materials are not reactive in the absence of light
irradiation), or under light irradiation for 1, 6, and 7 days of exposure time to CEES vapors, to test
the photoactivity. The short exposure (1 day) was intended to provide information on how fast the
materials can act as detoxification media and the prolonged ones- to gain the information of the
maximum removal efficiency under pseudo-equilibrium conditions. The recorded weight uptakes
(WUs) measured under various conditions are listed in Table 7. In order to be able to compare,
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some other well-performing materials tested under the same experimental conditions are also
listed.137,197,201,203–207

Table 7. Comparison of weight uptakes for EBTO-o and EBTO-r to those measured on other (nano)materials
tested under the similar conditions.

WUs (mg/g) after
1 day of exposure

Material

WUs (mg/g) after
6 days of
exposure
Light
Dark

Ref.

Light

Dark

EBTO-o

112

91

348

321

EBTO-r
Barium titanate nanoparticles
(BTO-NPs)
TiO2 P25, Evonik
Ultrasound
treated hydroxylated TiO2 P25
(P25-US)
P25-US composite with
reduced graphite oxide
(P25GO-US)

110

96

188

157

171

161

267

205

137

56

67

89*

174*

203

82

156

127*

219**

201

91

169

151*

233*

201

Multiphase nano-structured
titanium dioxide, grafted with
oxygen-containing organic
functionalities (USprec)

245

209

385*

424*

204

Titanate nanosheets scrolled to
nanotubes (TiO-NTbs)

216

154

552*

535*

203

Mesoporous graphitic carbon
nitride nanospheres

95

58

374**

-

207

This
work

*: 7 days of exposure, **: the maximum weight uptake was reached sooner than after 7 days of exposure

The recorded WUs for EBTO-o and EBTO-r in the dark after one day of exposure was almost
similar, 91 and 96 mg/g, respectively. These values are around 40% lower than those measured
previously on BTO-NPs

137

. On the contrary, 6 days exposure led to higher WUs than those on

BTO-NPs and 321 and 157 mg/g were measured for EBTO-o and for EBTO-r, respectively. That
marked increase along with the difference in the performance of the samples synthesized under
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oxidizing and reducing atmosphere suggests the important role of the thermal treatment
atmosphere on the adsorptive performance. The exposure time to 7 days did not lead to an increase
in the WUs, suggesting that the maximum adsorptive detoxification capability was already
achieved within 6 days of exposure. Table 7 indicates that although the weight uptake after one
day is smaller in EBTO compared to BTO, the value after 6 days of exposure in EBTO samples is
increasing. Especially the EBTO-o (the oxidized sample) has the highest weight uptake of all,
which suggests the enhancing effect of Europium incorporation. Besides Eu addition, the synthesis
atmosphere also seems to affect the adsorptive performance noticeably. After 1 day of CEES
exposure under light, the WUs for the europium-modified samples were found smaller than that
of BTO-NPs. Interestingly, an oppositive trend was recorded after 6 days of exposure and the WUs
on EBTO-r and EBTO-o were 188 and 348 mg/g, respectively. The later value is 30% higher than
that on BTO-NPs, indicating once again that the addition of Eu positively impacted the
detoxification efficiency. The higher WUs measured under light than those in the dark are linked
to the photo-assisted detoxification activity of our materials.
-

Pore Size Distribution (PSD):

The EBTO oxidized sample exhibits a higher surface area and larger average pore diameter than
those treated in argon/hydrogen. Fig. 53 (Fig. created by Dimitrios A. Giannakoudakis) indicates
the pore size distributions (PSDs) of both samples and suggests that both samples are mesoporous
208,209

and those pores/cages are likely resulted due to the various spaces formed in-between

nanoparticles

201

. Also, based on the PSD result, the pores/cages in EBTO-o are larger in an

average diameter than those on EBTO-r.
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Fig. 53. Nitrogen adsorption/desorption isotherms (a) and the pore size distributions (PSDs) derived from the
adsorption branch using the BJH method (b) for EBTO-o and EBTO-r.

All results discussed so far indicated that light irradiation increased the detoxification performance
of our materials both in terms of the weight uptake and the extent of the CEES decomposition.
-

Thermal Gravimetric Analysis (TGA):

Thermal gravimetric analysis of EBTO-o and EBTO-r samples are shown in Fig. 54. The analysis
in air reveals high thermal stability for the synthesized nanomaterials and the weight losses at 1000
ºC were found ~1.8 and ~3.5 % for EBTO-r and EBTO-o, respectively. The higher extent of the
weight loss for the latter sample, especially between 200 and 500 ºC suggests the presence of some
hydroxyls on its surface. In the case of EBTO-r, the weight increase between 300 and 400 ºC can
be linked to the effect of surface oxidation, when EBTO-r was exposed to air.
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Fig. 54. Thermal analysis in air for EBTO-r and EBTO-o

-

Desorption analysis:

Desorption tests were performed in order to explore the strength of adsorption by leaving the CEES
exposed samples for 6 days under ambient conditions and monitoring the weight. The results of
the weight losses evolutions are collected in Fig.

55 (Fig. created by Dimitrios A.

Giannakoudakis). For EBTO-r exposed to dark, even after 24 h of exposure to ambient conditions,
the pre-gained weight was eliminated, suggesting a weak nature of interactions and formation of
volatile compounds. For the same sample pre-exposed solely under UV light, the remained
adsorbed amount of compounds was 83 mg/g, and hence the desorption extent was around 60 %
of the original amount adsorbed. The desorption extent under visible light was even more
pronounced with the final weight after 48h to be 44 mg/g (77% desorption). The higher preserved
WU under light irradiation can be linked to the photocatalytic formation of products such as
sulfoxide and sulfones (in addition to volatile products and/or mineralization) which interaction
led to strong adsorption.
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Fig. 55. Decrease of the Weight uptakes after exposure to CEES vapors for 6 days in the dark (6dD), under
ambient light (6dL), or ambient light plus 365 nm irradiation (6dU).

A significant strength of adsorption was revealed for EBTO-o under all studied conditions, in a
good correlation with also higher adsorption efficiency at these conditions. In the dark, the weight
gain after 6 days was 321 mg/g, while after 48 h of desorption this value dropped to 79 mg/g (75%
desorption). Under UV light irradiation, the WUs decreased from the 289 mg/g to 175 mg/g (39%
desorption) and under visible irradiation from 348 to 159 mg/g (54% desorption). Thus, almost
100 mg/g of CEES can be sufficiently remediated in the dark, while the formed product upon the
photo-assisted CEES decomposition can be also strongly adsorbed, pointing at this EBTO-o as a
potential candidate for CEES detoxification advance materials as an additive to novel
textiles/polymeric protective layers as aforementioned.
5.3.4

Conclusion

The incorporation of Eu to the barium titanate nano-perovskite led to changes of various
physicochemical features as well as to elevated (photo)catalytic activity against chloro-diethyl
sulfide vapors, a surrogate of the chemical warfare agent mustard gas. The mixed nanomaterials
showed also higher adsorptive remediation capability both in regards to the weight uptake per mass
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of material and per specific surface area. The detoxification capability is significantly higher than
that of other advantageous nanomaterials tested previously under the same conditions. As
perspective studies, research activities should be included the tuning of the Eu ratio and the tuning
of the atmosphere in which the final step will take place. This kind of materials should be also
tested for alternative heterogeneous photo-catalytic/assisted reactions. Additionally, the decoration
of these series of nano-perovskites on substrates as well as towards nanocomposites formation will
be beneficial targeting real detoxification applications, like the army, firefighter etc. personnel
since they possess high catalytic and adsorptive efficiency to toxic vapors as the herein studied
chloro diethyl sulfide.

109

Chapter 6. Conclusion and Recommendations
6.1 Summary
Throughout this dissertation, rare-earth transition metal oxides were synthesized. The synthesis of
europium titanate was the beginning and was followed by the synthesis of europium barium
titanate compounds which was the focus of this thesis. Different compounds of EuxBa1-xTiO3
system with different Eu/Ba ratio was also prepared. All the EBTO compounds hold perovskite
structure, showing the importance and unique properties of this crystal structure which is capable
of being stable while having different ions in its crystal frame. Besides, all of these synthesized
materials were prepared by a novel method throughout the modified sol-gel which is called “gelcollection”.
The efforts of this dissertation were towards the study, design and discovery of mixed rareearth/transition metal oxide compounds. Some of the original motivation came from the interest
in understanding multiferroicity at the nanoscale, in combination with the desire to develop new
systems that might exhibit multiferroic behavior, with applications in electronics and dielectric
energy storage. Europium was the key and novel element investigated in the context of its
chemistry and influence over physical properties in titanates. Because of the versatility and
diversity of perovskite oxides, the focus was given to europium containing perovskites, namely
EuTiO3, and different compounds of EuxBa1-xTiO3 (EBTO). A unique synthesis procedure derived
from sol-gel chemistry (gel-collection) was repeatedly used to derive different compounds within
the phase space of EuTiO3/EuxBa1-xTiO3 with a view to stabilizing certain structures thought to be
metastable, and variations in stoichiometry to examine the effect of such on properties. Following
the invention of appropriate precursor synthesis methods and conditions of thermal treatment, gelcollection proved to be successful in providing a variety of compounds that could be reproducibly
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prepared and studied. In the case of EuTiO3, a comparison between pyrochlore Eu2Ti2O7/EuTiO3
prepared by conventional solid-state processing vs the wet chemistry methods used here was
conducted. In the case of EuxBa1-xTiO3 a rich phase space was uncovered and suggested the
synthesis method enabled access to compounds over a range of compositions hitherto thought to
be impractical to prepare or thermodynamically unstable. This serves as motivation to review the
possible range of compounds possible for other rare-earth transition metal perovskite oxides.
The EuxBa1-xTiO3 system was characterized structurally to a very high level, using the suite of
tools available at The City College of New York and the CUNY Advanced Science Research
Center. The perovskite structure was relatively simple to identify, but a serious, deep investigation
as to the valent chemistry (supported by X-ray Photoelectron Spectroscopy, Energy Dispersive
Spectroscopy, Fluorescence Spectroscopy and other techniques) was required and unveiled a
complex interplay between the elements. Notably, the EuII/EuIII balance was not found to be the
same as initially hypothesized, and differed substantially from conclusions drawn from the
literature.
The EuxBa1-xTiO3 system was also characterized electrically and magnetically. The dielectric
properties in thin films were carefully characterized and found to be potentially quite powerful.
Magnetic behavior was observed in the context of nanoscale magnetism, known to be generally
diminished at room temperature. But the prospect of nanoscale coupling between co-existing
ferroic order parameters persists. Once fully characterized, with the majority of structural,
compositional and ferroic behavior understood, the nanoparticles of EuxBa1-xTiO3 were also
explored in two application categories: nanocomposites and photocatalysis. Because the dielectric
performance and multiferroic behavior of EBTO was demonstrated to be interesting and unique,
it was possible to compare them with BaTiO3-polymer nanocomposites. Ferroelectric and non-
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ferroelectric polymers were combined with the nanoparticles and a comprehensive review of their
properties as a function of nanoparticle-polymer volume fraction was conducted, including P-E
Curves recorded on a Radiant Ferroelectric test station (performed in collaboration). Finally, based
upon the unique and variational set of properties observed for EuxBa1-xTiO3, especially
physiochemical properties (optical, absorptive), the nanoparticles were explored as potential
photocatalysts for degradation of harmful volatile chemical compounds known to approximate the
behavior of chemical warfare agents (CWAs). This study demonstrated that EBTO nanoparticles,
produced under different redox conditions, exhibited very promising catalytic behavior towards
CWA detoxification. The in-depth analysis of the organic compounds, prior to and following
treatment with the nanoparticles allowed for a strong set of results related to the photocatalytic
behavior and chemistry of the EBTO nanoparticles (performed in collaboration).
Overall, the unique set of properties derived from nanoscale EBTO, combined with a rigorous
understanding of its structure, composition and valency, allowed for the exploration of this
material for its properties at the nanoscale and in two important contexts: as an additive in
nanocomposites and for photocatalysis. The work suggests that the exploration of new synthetic
techniques for the preparation of nanoscale complex rare earth transition metal oxides can lead to
materials discovery and the development of new applications for important problems in energy
technology and catalytic remediation.

6.2 Recommendations for future studies
6.2.1

Pair Distribution Function (PDF) analysis of EBTO samples

Although X-ray diffraction suggests the perovskite structure for both EBTO samples in air and
argon, in many cases, not enough information can be obtained about the crystalline structure solely
by XRD measurements. That is why further measurements and analysis are quite helpful in order
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to gain a more detailed and accurate understanding of the crystal structure. Since our synthesized
EBTO material is in the range of nanoscale size, Paired Distribution Function (PDF analysis) is
proposed in order to investigate the local structure and final validation of the crystalline material.
PDF analysis describes the probability of finding any two atoms at given inter-atomic distances.
PDF is usually done on the short-range order materials and as a result, synchrotron XRD is used
for this measurement. PDF measurements can be carried out at the National Synchrotron Light
Source II (NSLS-II), Brookhaven National Laboratory. The sample preparation is fairly simple,
the nanocrystalline powders should be sealed in polyimide capillary tubes and the data will be
collected at room temperature using the rapid acquisition PDF method (RAPDF)210. The data
collected will be further analyzed using the modeling program “PDFgui” in order to do structural
refinements. The refinement is basically based on the comparison with some known control
samples and trying to fit the data to the best model. In the case of EBTO we can use the known
control models of BaTiO3 and EuTiO3 and conclude which crystalline structure and space group
fits the best to our compound.
6.2.2

XPS depth profiling (combined with Argon ion sputtering)

The XPS results for Oxygen and Barium spectra were promising and fulfilled our hypothesis,
however, we faced quite a few challenges dealing with XPS spectra of Europium and Titanium.
Although XPS is a valuable technique to measure the elemental composition and electronic states
of elements present in the material, it has its own challenges based on the fact that it is a surface
analysis technique that cannot precisely determine the total amount of ions in the structure.
Especially in the case of Europium, our results may not be completely accurate based on the fact
that due to the higher potential for oxidizing Eu2+, we definitely observe stronger peaks for Eu3+.
That is based on the fact that regular XPS basically monitors the europium ions which are oxidized
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on the surface. We assume that we might have more Eu2+ present in our structure and in order to
prove this claim, we need to go further in the XPS measurements strategy. XPS depth profiling,
where XPS is combined with argon ion sputtering, allows the identification of chemical variations
from the topmost surface of solid materials to more into the bulk, which facilitates the
characterization of complex structures. It is necessary to use monatomic argon ion beams for depth
profiling inorganic layers because inorganic materials, unlike organic materials, are not effectively
sputtered by cluster ions. Monatomic depth profiling uses an ion beam to etch layers of the surface
or surface contamination (potential oxidized europium on the surface) and reveals subsurface
information. A series of ion gun etch cycles provide quantified information as well as layer
thicknesses. Before removing each layer from the sample, a spectrum is recorded from the surface
of the sample. The surface is etched by an ion beam and after the etch cycle, the ion switches to
blank mode and another set of spectra are recorded. This sequence of etching and spectrum
acquisition is repeated until profiling has proceeded to the required depth. We predict that a
difference in the spectra will be appeared based on the different chemical states of ions resulting
in more accurate data.
6.2.3

Lower temperature ferroelectric and ferromagnetic measurements

Pure pellet capacitors were made by pressing the EBTO nanocrystalline powders and the
polarization was measured as a function of sweeping electric field using a Radiant Precision LC II
Ferroelectric tester. The measurements did not reach saturation polarization within the voltage
range of the instrument and the data showed a small loop similar to a linear dielectric rather than
a ferroelectric hysteresis loop. The low value of measured polarization is most likely due to the
thickness of the pellet. A thin compact film is more desirable in this type of measurement because
it reduces the amount of void space between particles and can give a more intrinsic understanding
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of the polarization of particles within the external electric field. Besides, to observe a bulk
ferroelectric property using an electric field, particles require to overcome the thermal energy
barrier (room temperature) which randomly orients the particles. This can be overcome by
reducing the temperature. As it has been shown in the literature that EBTO samples demonstrate
both ferroelectric and ferromagnetic behavior when the measurements are done in low
temperatures. This temperature was as low as ~1 K211 for ferromagnetic properties and about 0.5
K211 for ferroelectric behavior. However, the ferroelectric measurements were taken at room
temperature in our lab and the magnetization measurements done in Oak Ridge was also done at
5 K. Therefore, low temperature ferroelectric and ferromagnetic properties seems to be a promising
perspective of the research in order to fully characterize the potential (multi)ferroic properties of
the EBTO system.
6.2.4

Doping other lanthanides into the BaTiO3 perovskite structure

The stability of the perovskites and their ability to host various elements make them proper
candidates for inducing different properties (such as magnetism) into their structure and take
advantage of having both magnetic and electric polarization in a single structure. Doping
lanthanides into the perovskite structure (barium titanate in our case) is a common strategy in order
to introduce unique properties of interesting elements into the host materials. Lanthanides are
generally interesting due to their electronic structure and having 4f orbitals. In addition to
europium, other alternative dopants of the lanthanide group can also be introduced to the BTO
system. The experimental method should not differ so much from the gel-collection method which
we previously used. We have to validate that we are able to make appropriate precursors in the lab
and follow the same protocol in order to see if we will be successfully making the gel again which
should possibly undergo further thermal treatment as well. Samarium ([Xe] 4f6 6s2) and
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Gadolinium ([Xe] 4f7 5d1 6s2) as two of the europium neighbors (with Z=62 and Z=64
respectively) have the potential for deeper investigation due to their ability to induce effective
photoluminescence and ferromagnetism (TC below 20° C)212 in the case of Gadolinium, and
improving dielectric properties of the compound in the case of Samarium213.

Finally, the results of this dissertation should provide a framework to understand how a transition
metal oxide nanomaterial can be synthesized and how its properties and related electronic
properties depend on its chemistry and structural parameters. I hope this work can add value to
the scientific community.
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Appendix
Goldschmidt tolerance factor calculation

t=

!! "!"

rA: radius of cation A

√$(!# "!" )

rB: radius of cation B
rO: radius of Oxygen (anion)

Coordination number

Ba2+
12

Eu
2+
9 (Eu ), 9 (Eu3+)

Ti
6

O22

Shannon ionic radii

161 pm

130 pm, 112 pm

67 pm (Ti3+), 61 pm (Ti4+)

135 pm

For BaTiO3:
t=

r& + r'
√2(r( + r' )

for EuTiO3:
t=

=

r& + r'
√2(r( + r' )

161 + 135
√2(61 + 135)

=

= 1.06

130 + 135
√2(61 + 135)

= 0.96

for Ba0.5Eu0.5TiO3 for entirely Eu2+:
r& + r'
0.5(161) + 0.5(130) + 135
t=
=
= 1.01
√2(r( + r' )
√2(61 + 135)
for Ba0.5Eu0.5TiO3 with a mixture of 50% Eu3+/Eu2+ (without Ti3+/Ti4+ consideration):
t=

r& + r'
√2(r( + r' )

=

0.5(161) + 0.25(130) + 0.25(112) + 135
√2(61 + 135)

= 0.99

for Ba0.5Eu0.5TiO3 with a mixture of 50% Eu3+/Eu2+ (with Ti3+/Ti4+ consideration):
t=

r& + r'
√2(r( + r' )

=

0.5(161) + 0.25(130) + 0.25(112) + 135
√2(0.5(67) + 0.5(61) + 135)

= 0.98

t >1 : Hexagonal or Tetrahedral
In general:

0.9 <t <1 : Cubic
0.71< t < 0.9 : Orthorhombic/Rhombohedral
t < 0.71 : Different Structures
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